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Research was conducted using nuclear quadrupole resonance (NQR) to investigate its 
potential application to pharmaceutical analysis. 14-nitrogen and 35-chlorine quadrupole 
resonance frequencies between 1 and 37 MHz have been established and characterised 
for a number of materials of pharmaceutical and chemical interest with a view to 
applying the technique of NQR to pharmaceutical analysis, possibly on an industrial 
scale. Background information and the theory of nuclear quadrupole resonance are 
discussed, together with the experimental hardware used, personal instrumental 
modifications made, pulse sequences and data processing methods. 
The characterisation of materials by other methods currently used in analysis, such as 
infrared and X-ray spectroscopy, thermogravimetric analysis and differential scanning 
calorimetry, are described and the limits of such techniques compared to those of NQR. 
Furosemide, heroin hydrochloride monohydrate, heroin, triazole, histidine, chloroquine 
diphosphate, dipicolinic acid and 4-methylimidazole have all been studied and 
characterised to varying degrees with their NQR frequencies, line widths, temperature 
coefficients, and relaxation rates having been found experimentally. 
The ability to distinguish between polymorphs has been shown in furosemide - an 
important consideration in the manufacture of medicines. Quantification using both 14-N 
and 35-Cl signals has been demonstrated, with mass of material being predicted to within 
5% in triazole and furosemidc, using free induction decay and pulse-spin locking echo 
signals respectively. Quantification of two materials within the same container has been 
combined with signal processing techniques in the study of histidine and 4- 
methylimidazole. The ability to predict quadrupolar parameters by theoretical calculation 
has been shown to be feasible in the case of 14-N nuclei within heroin hydrochloride 
monohydratc by modelling. Finally, future perspectives are discussed and the 
possibilities and potential of industrial application considered. 
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1 Introduction and outline 
1.1 Introduction 
Nuclear quadrupole resonance (NQR) is a radiofrequency (RF) spectroscopic 
technique used to detect signals from quadrupolar nuclei present in solids or solid-like 
materials. It is a non-destructive, non-invasive and highly sensitive analytical 
technique for which little sample preparation is required. Unlike the closely related 
technique of nuclear magnetic resonance (NMR), no magnetic field is required, 
making NQR probes relatively cheap and portable. Indeed, current uses 
include the 
detection of land-mines' and other explosives such as HMX2'3'4 
5 (1), TNT3'5 (2) and 























In the cases above, 14N nuclei have been studied; it is found in many explosives and 
narcotics, has spin quantum number 1= 1 and a natural abundance of 99.634 %11. It is 
a widely studied nucleus in NQR generating signals in the low RF frequency range 
between 0.4 and 6 MHz. 35C1 is another widely studied nucleus; it has I= 3/2 and a 
natural abundance of 75.77 %" but often having much higher NQR frequencies - up 
to around 40 MHz - and although less naturally abundant, its presence in many 
pharmaceuticals and ability to produce strong signals make it an attractive option in 
NQR analysis. 
Until recently, NQR as an analytical tool has been mainly used for detection of 
explosives and narcotics in security applications, such as airport and aircraft safety, 
and as a measure against illegal drug trafficking, with marketable probes being made 
and tested 12,13. However, the technique lends itself particularly well to 
pharmaceutical analysis - an area which has not been greatly explored although there 
have been recent publications'4"5 highlighting the possibilities of NQR - for a number 
of reasons, with potential for use in detection, analysis, and quality control of 
pharmaceuticals at all stages of manufacture. 
Firstly, NQR is a solid-state analytical technique; approximately 90 % of 
commercially available pharmaceutical products are in the solid form16 and can 
therefore be studied as both the bulk powder form of the material under investigation 
and as tablets. A wide range of volumes can be studied by NQR methods - probes 
can be designed to fit the sample, unlike NMR, with signals having been observed 
from a single 20 mg tablet to samples in large volumes of up to 8000 L17. Secondly, 
NQR is highly specific (in more than 12 000 compounds studied so far, each has had 
a unique set of frequencies and relaxation rates assigned to them'8); any signal from 
the active pharmaceutical ingredient (API) can be easily distinguished from excipients 
in tablets or contaminants and impurities present in the material under examination. 
Finally, the non-destructive and non-invasive nature of the analysis makes it 
unnecessary to even remove the materials from their containers in most 
circumstances; there is even the possibility of examining tablets in blister packs. This 
property of NQR also allows remote testing, introducing the possibility of at-line 
testing, that is, at the point of manufacture, without the need for removal to a 
laboratory environment and without contamination of sealed products. 
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Chemical analysis is necessary in all areas of pharmaceutical manufacture, from the 
initial research and development of new drugs through to ongoing quality control 
work in the final marketable product. By using NQR spectroscopic analysis, 
development times could be reduced, along with manufacturing costs, while the 
quality of the pharmaceutical could be increased, together with our knowledge of the 
product, through further characterisation using NQR. NQR would be complementary 
to the range of analytical techniques used currently - many are solution-based (for 
example solution nuclear magnetic resonance, high performance liquid 
chromatography and electrospray mass spectrometry) techniques which cannot give 
direct information on the solid state and require sample preparation, as well as clearly 
being destructive in nature. Solid-state techniques such as solid-state NMR, infrared 
spectroscopy, X-ray diffraction, differential scanning calorimetry and 
thermogravimetric analysis are also commonly used and their limitations and 
advantages in comparison to NQR are discussed in chapter 4 of this thesis. 
1.2 Outline and aims 
This work was commenced with an aim to further the study of pharmaceutical 
compounds using NQR and to highlight the potential uses of NQR in pharmaceutical 
analysis. In order to demonstrate that this spectroscopic technique is a viable option 
in laboratory and industrial work, we intend to characterise a number of 
pharmaceutical materials to different degrees of detail. Firstly, the theory of NQR 
will be explained both classically and quantum mechanically to allow an 
understanding of the principles and provide an explanation of the resulting NQR data 
and spectra. As well as pure NQR, double resonance methods will be briefly 
described, as these can be important in initial studies of a compound. Going on to the 
NQR instrumentation, the basic hardware is introduced and more importantly, the 
measures taken to improve the NQR experiment through instrumental modifications 
are discussed. As NQR is not currently a widely used technique, commercial 
laboratory instrumentation is not generally available so the individual design and 
hand-building of NQR probes is a necessary job and skill which was an important part 
of this work. Another important aim was to show the ability for quantification -a 
goal that can be facilitated with techniques such as Q-damping and re-design of the 
NQR solenoid to ensure the sample experiences a more uniform RF field across its 
volume. 
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One particular material, furosemide, was studied in great detail; it is a commercially 
available anti-hypertensive drug known to exist in several different forms and was 
chosen as a subject for study as it would allow us to investigate polymorphs and 
determine whether NQR could be used to distinguish between different forms of the 
same drug - vitally important in pharmaceutical manufacture considering that 
different polymorphs of the same drug can have different stabilities, dissolution rates 
and effects upon the user. The most stable form (phase I) was to be fully 
characterised with 14N and 35C1 signals from both the bulk powder and tablets being 
investigated, as well as temperature effects. The polymorph assigned to be phase II 
was also to be characterised to a lesser degree, allowing a comparison of the two 
phases by solid-state NMR, IR spectroscopy, X-ray diffraction, differential scanning 
calorimetry, thermogravimetric analysis and microscopy, as well as NQR. 
Quantitative analysis was another important objective in this work, as already 
mentioned, and following instrumental modifications a number of compounds was 
studied to see if quantification could be realised in the laboratory conditions to a 
reasonable degree of precision - in particular, we hoped to provide the conditions 
necessary to yield a linear response with respect to mass. As well as looking at 
spectra obtained under standard conditions, with the usual data processing of the 
signal, state-of-the-art maximum likelihood methods were used to enhance the signals 
observed and possibly allow faster acquisition of spectra and a more accurate 
measurement of the relative proportions of different polymorphs. 
One of the most tedious areas of NQR research is the determination of frequencies of 
previously unstudied materials. We aimed to use theoretical calculations, together 
with double resonance methods, to show that an estimate of NQR frequency could be 
made, lessening the range across which searching would need to be carried out and so 
reducing the time taken in characterisation of a new substance. 
Finally we look at what the future could hold for NQR; up and coming advances in 
the technique are discussed as well as further experiments which could have been 
done with the present equipment without the constraints of time. There are many 
more uses for NQR in pharmaceutical analysis that should be investigated further 
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and it is hoped that this work can form a basis from which further research can 
proceed. 
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2 The theory of nuclear quadrupole resonance 
2.1 An introduction to nuclear magnetic resonance 
It is well known that in nuclear magnetic resonance an externally applied magnetic field 
induces precession as the magnetic moment u experiences a torque. Precession about the 
applied magnetic field Bo occurs at the Larmor frequency, v 
v=l 72 Bo (2.1) 
where y is the gyromagnetic ratio and can be visualized as figure 2.1. 
Bo 
Figure 2.1: Precession of a magnetic moment u about the axis of an applied magnetic field, Bo. 
Nuclei with spin quantum number!? 1,4 have a magnetic dipole moment, p. This dipole 
moment is a vector quantity, dependent on the gyromagnetic ratio and the nuclear spin 
angular momentum, P 
p=y. P (2.2) 
where 
P=Iti (2.3) 
and I is the angular momentum operator with 12 having 1(1 +1) cigenvalucs. 
The magnetic dipole moment interacts with the applied magnetic field, B, with a classical 
energy defined as 
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U= -p. B (2.4) 
Quantum mechanically the Hamiltonian which defines this interaction is 
-, uBo (2.5) 
If the magnetic field is aligned along the z-axis in the laboratory frame we see 
31 = -ytzI=Bo (2.6) 
where I is the nuclear spin operator component along the z-axis. The solutions of this 
Hamiltonian are multiples of the IZ eigenvalues and give (21 +1) energy levels, calculated 
tobe 
E. = yt1B0mt (2.7) 
where ml = -I, -1 1, with I being the nuclear spin quantum number. 
The transitions between these energy levels should obey the magnetic selection rule (Ami 
= ±1 in the NMR case of 1H where I= 1/2) and can be calculated as 
dE=hv=ytzBo=h yBo (2.8) 
with a rearrangement showing clearly the frequency associated with the transition is as 
that found classically (2.1). 
The nuclear spin energy levels for nuclei in a magnetic field are well known for 1='/2 and 





Bo= 0 Bot 0 
ml = 
3/2 
.'hv mi = 1/2 
hv 
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Figures 2.2a and b: Nuclear spin energy levels for nuclei with spin quantum number I a'/: and 
3I29 with 
transitions of energy )1Oo, and selection rule dm, =±1 in the presence of magnetic field Bo. 
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The energy levels present due to the external magnetic field allow the detection of nuclei 
with I? '/2 by the application of radiofrequeney (RF) radiation. In NMR there is usually 
a permanent, static magnetic field applied to generate the splittings and new energy 
levels. In contrast, with quadrupolar nuclei, the energy levels between which transitions 
can occur are already present due to the nature of their charge distribution. 
2.2 The quadrupolar nucleus 
Nuclei with a spin quantum, I, greater than'/2 are said to be quadrupolar; the charge 
distribution can be compared to that of two anti-parallel dipoles as in figure 2.3. The 
nucleus has an electric quadrupole moment, defined as the scalar quantity Q, which is 
indicative of the charge distribution. If Q<0 the charge distribution is said to be oblate. 
If Q>0 it is said to be prolate'. 
Nuclear spin axis 
Nuclear spin axis 
0 P 9 Figure 23: Oblate (o) and prolate (p) charge distribution. 
Simply and classically viewed, a quadrupole placed in an electric field gradient (EFG) 
will have different energy levels at different orientations. The torque generated by the 
electric field gradient acting on the two electric dipoles in figure 2.3 leads to quadrupolar 
precession about the direction of the maximum electric field gradient, which is analogous 
to the precession induced by a magnetic field in NMR. The NQR precession has a 
frequency which is dependent on fixed nuclear conditions and not external parameters, 
unlike NMR, in which the static external magnetic field Bo governs the frequencies. The 
quadrupolar interaction is electrical in nature, as opposed to NMR where it is magnetic, 
with the quadrupolar Hamiltonian describing the interaction of the charge distribution 
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with the electric field gradient, the eigenstates of which define the energy levels and the 
NQR frequencies corresponding to the transitions between these levels. 
This chapter will discuss the factors which determine these frequencies and the processes 
that occur and equations that describe nuclear quadrupole resonance. 
The NQR frequencies mainly depend on the quadrupole coupling constant and the 
asymmetry parameter, r1. The quadrupole coupling constant is measured in liz and is 
equal to e2gQ/h where e is the charge on an electron, h is Planck's constant, Q is the 
nuclear electric quadrupole moment and q is the principal z-component of the electric 
field gradient tensor, the second derivative of V, the electrostatic potential at the nucleus. 
q is a tensor with three principal components, qxx, qjy and q., along the Cartesian axes 
and it can be either negative or positive. We shall now present calculations of these NQR 
parameters and frequencies, for spin- /2 and spin-l, being the values off for 
35C1 and 14N 
respectively - the two nuclei studied in this body of work. In some cases calculations and 
derivations for spin-1/2 will be stated for simplicity. 
2.3 The quadrupolar Hamiltonian, the quadrupole moment and the electric field 
gradient 
The quadrupolar Hamiltonian MQ describes the interaction between the quadrupolar 
charge distribution and the electronic environment generated by the electric field 
gradient. 
ý2 -16 Vý Qu 
n 
(2.9) 
The electric field gradient is determined by the charge distribution about the nucleus 
being studied with the asymmetry parameter together with the EFG tensor depending on 
the orbital occupations of adjacent nuclei; the detailed equations relating these influences 
are discussed elsewhere2. The tensor which defines the EFG has nine components of the 
form 
_a2v_ vy- ax, axj - qij (2.10) 
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where x1, xj = x, y or z and V is the electrostatic potential due to charge at the point (x, y, 
z), the nucleus being located at the origin. The tensor, qy has the irreducible components 
in the principal axis frame of reference, 
V°=2eq (2.11) 
Vt' =0 (2.12) 
V±2= (2.13) 
These values are subject to the condition qz: >_ q}y >_ qmm; qZ2 is often denoted by q, the 
maximum principal component. In addition, Laplace's equation holds 
9xx+grY+q22=0 (2.14) 
so the electric field gradient experienced at the nucleus is due to external charges only 
and the quantity 
(q» -q )I9,, = 7j (2.15) 
may be defined. i is the asymmetry parameter, a positive parameter lying between 0 and 
1; it is a measure of the axial asymmetry of the electric field gradient; that is, in the case 
of axial symmetry, q=0. Coupling of the quadrupolar nucleus in its different 
orientations with respect to the electric field gradient yields different energy levels. As 
these energy levels are determined by r7 as well as Q, we can garner information about 
the surrounding charges, and hence possible structural and electronic information. 
The scalar quadrupole moment, Q, can be calculated3 as 
eQ = 
jpn'n2(3C0S2 ©, - lpr (2.16) 
where -e is the charge on an electron, p the nuclear charge density in volume element r 
at a distance r from the center of the nucleus and ©j is the angle between the vector r 
and the nuclear spin axis (the axis of cylindrical symmetry in the laboratory frame) and 
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from which we can see that a spherical charge distribution would yield a quadrupole 
moment of zero. Q is usually measured in units of Barn (10'28 m2), it being of a suitable 
order of magnitude to define the values commonly found. 
The irreducible components of the traceless, symmetric second rank tensor4 arc 
Q° = 
eQ 1 [31,2- 1(1+1)] (2.17) 
1(21-1) 2 
Qt' = 
eQ [1=It+lZlt] (2.18) 
1(21-1) 4 
Q= eQ 12 (2.19) 
1(21-1) 4 
We can now expand (2.9) by use of (2.11 - 2.13) and (2.17 - 2.19) to find 
3fß - 
e29Q 312 -1(1 + 1) + 
27 (1+ + 1? ) (2.20) 41(21-1) z2 
in the principal axis frame of reference of the EFG, where IZ, 1+ and L are nuclear spin 
operators, l+ and I. being the raising and lowering operators corresponding to Aml = +1 
and -1 respectively4. The eigenvalues of the Hamiltonian will give us (21+ 1) quantized 
energy levels5 from which the allowed transition frequencies can be calculated. 
Transitions between the energy levels defined by these eigenvalues will have a 
characteristic frequency for each type of nucleus, highly sensitive to the electronic 
environment, and measurement of these frequencies can help to identify a material, and 
in some cases allow calculation of quadrupole coupling constants and asymmetry 
parameters. 
2.4 The matrix elements of the quadrupolar Hamiltonian 
2.4.1 Axially symmetric field gradients 
In an axially symmetric field gradient the matrix elements of the Hamiltonian3 are 
(m ý 3EQ ! m'} = 
e2gQ r3m2 
-1(1 + 1)] Smm' 41(21-1) 
(2.21) 
where m is the magnetic quantum number with respect to the Z axis and 8 is the 
Krönecker delta so 
S= 0 when mý m' and 3m'= 1 when m= m' (2.22) 
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-1(1 + 1)ý (2.23) 
However, it is more usual for the EFG not to be axially symmetric, and we will now 
consider the q: ý- 0 case for spin- /2 and spin-1 nuclei. 
2.4.2 Non-axially symmetric field gradients 
2.4.2.1 Spin-3/2 nuclei 
In the cases of an axially asymmetric field gradient for any half integral spin the matrix 
elements of J are 
(MIN 
QI m) _ 
e29Q F3m2 
-1(1 + 1)] 41(21-1) 
ýmýI 
Q 
Im} _ e29Q 17 fr (tm)fi (tm)gm'. m12 41(21-1) 2 
where 
f, (m) = f, (-m-1) =E(1-m)(I +m+l)]y 
For spin I= 3/2 nuclei the following matrix is derived 
30 %f3-, )/ 0 
e20 -3 0 
ýr7 
A/Z_iQ 
43-i7 0 -3 0 





It is clear that in the spherical case, where q=0, J is a traceless, diagonal operator in 
agreement with the easily visualized classical view of the interaction. 
In this case where r7: 0 0 there will be mixing of states with dm = 2. Now the 
Hamiltonian matrix consists of two submatrices from which the secular equations can be 
calculated. For 1= 3/2 the secular equation is found3 
E2-3q2-9=0 
where E is in units ofA, where 
(2.28) 
40 
ei qQ (2.29) A= 
41(21-1) 
and the cigenvalues for I=3 l2 are found to be 






E3y =-3A 1+ 
3 (2.31) 
Secular equations for further half integer spin values can be similarly calculated and are 
detailed elsewhere 3,6. 
The frequency of a transition is calculated as 
vQ (m --* m') = 
E"' E,,,. (2.32) 
so for spin- /2 nuclei, such as 35C1, 
2Z 72 
V 
IegQ 1+" (2.33) Q-2 h3 
.11 
it II -- rL 
No EFG present EFG applied. Asymmetric nucleus. q00 
Figure 2A: Energy levels for a spin 3/2 nucleus. 
Only one quadrupolar frequency, VQ, is observed, corresponding to a transition between 
the doubly degenerate energy levels. This single transition means that a pure zero field 
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NQR experiment alone cannot yield both the asymmetry parameter and quadrupole 
coupling constant. The application of a second field however, can solve this problem. 
2.4.2.2. Zeeman splitting 
Kramer observed that the degeneracy3 of half integral spin systems cannot simply be 
lifted by the presence of an electric field. However, the presence of a weak magnetic 
field will lift the degeneracy, bringing about a Zeeman splitting. The influence of the 
applied magnetic field removes the so called Kramers degeneracy, giving four energy 
levels in the case of spin- /2. This allows determination of the asymmetry parameter and 
the quadrupole coupling constant which was previously unobtainable from experimental 
frequency measurements. 
If the electric field gradient is axially symmetric the application of a magnetic field, Bo, 
with 0 and 0 angles describing its position with relative to the principal axis system, 
there is an additional teen to the quadrupolar Hamiltonian due to the interaction of the 
magnetic dipole moment, the energy of which is given3 by 
. , ýf=-hyBo(I=cos6+Ixsin4cos +1y sin©sin0) (2.34) 
with the assumption that ti yB0 « e2qQ so that the net Hamiltonian is 
3E _ +. M (2.35) 
Each degenerate pair is split into two energy levels 
Et, 
 =, 4[3m 
2-I (I + 1)]: F mti yBo cos 0 (2.36) 
so there are now 4 energy levels for a spin 3/2 nucleus with '= 0 in a constant magnetic 
field. The frequencies which can now be observed can be calculated as 
V. =3A (2Iml + 1) ± yBo cos 0 (2.37) 
When r7: A 0 the equations become more complex and will not be utilized or discussed 
within this work; they are detailed elsewhere3. The secular equations and energy levels 
for higher half integral spin nuclei have been solved for a number of values of 17, together 
with the intensities and Zeeman splittings3,6 
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2.4.2.3 Spin-1 nuclei 
For nuclei with I= 1, the quadrupolar Hamiltonian in the principal axis frame of 
reference can be defined as 
X =1x2A'+Iy2B'+1: 2C' (2.38) 
A'= eQ V= 2A (2.39) 
21(21-1) 
B'= eQ Vyy -A(1-(2.40) 21(21-1) 
C'= eQ V =-A(l+t7) (2.41) 21(21-1) 
where A is as defined in equation (2.29). 
The following matrix describes the 1= 1 states 
10 17 
3f, = 
eZqQ 0 -2 0 (2.42) 4101 
In order to diagonalise the Hamiltonian we select linear combinations of the magnetic 
spin wavefunctions 
T+ =T= 
1 (I+1)+I-1}) (2.43) 
T-=Tx= 
12 (ý+1}-ý-1}) (2.44) 
To =` .. =I0) 
(2.45) 
with application of the Hamiltonian (2.20) giving the three energy levels of the states 
J 
43 
E+_ (p+IgQIT ) (T+ IT+) 












(IJ -I tQ "F -) _ (gIq1) 
- e24Q 2(+IMQI+)+(-I QI'>-(+II-+('II+>) 





2 3+3-4-277 [, f2 (+I1+10)+4(-II_I0)] 
-e2 








= e2gQ((01 10» 
= 
e2gQ 3 (0I Iz 10) -2 -1 1[(0I 12 10) + (0 
112 10)] 
42 (2.48) 
ei 4Q (_2 






An RF pulse applied on resonance can induce the three following transitions between the 
energy levels yielding the well known NQR frequencies 
E,, o E_ vo =1 
e29Q (2.49) 
2h 
E. 0 Eov+=3e2Q3 
(2.50) 
E. 0 Eo v_ =4 





No EFG EFG present. EFG present. Asymmetric 
Axial symmetry, >) =0 EFG. n*0 
Figure 2.5: Energy levels and transitions in various environments when I= 1. 
When there is axial symmetry and r7 = 0, vx = vy, there is no splitting of the in! = ±1 
energy level and only one allowed transition. In the general case of a quadrupolar nucleus 
such as14N, this level is usually split and three energy levels are present (figure 2.5) and 
three possible transitions are observed. 
Three transitions are therefore commonly observed in NQR for each non-equivalent 1= 1 
nucleus generating three frequencies, v+, v. and vo; with the latter being at a low RF 
frequency and often difficult to observe; it corresponds to a transition of dm = 2, a 
previously forbidden mixing of states. However, observation of the two upper lines 
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enables deduction of the lower frequencyvo line as well as the asymmetry parameter, rr, 
and the quadrupole coupling constant from equations (2.50) and (2.51). These NQR 
parameters can also be calculated theoretically, as shown in chapter 7, and the QCC can 
also be found from solid state NMR spectra in cases where the quadrupole splitting value 
is observable. How the radiofrequency radiation excites the transitions between energy 
levels and the process by which they are measured is discussed in the next section. 
2.5 The effect of radiofrequency 
In order to observe the transition frequencies the nuclei must first be perturbed from their 
equilibrium state. The pulses of RF radiation applied arc similar to those in NMR and 
similar equations corresponding to the processes which occur can be derived although 
they are somewhat more complicated in NQR, particularly for the higher spin nuclei. We 
will first look at the classical view and then go on to quantum mechanical derivations for 
various conditions. 
2.5.1 The rotating frame and the classical view 
In order to simplify and better understand the effects of RF on nuclei, the rotating frame 
vector model must be introduced. Let the Cartesian axes of the principal components of 
the EFG in the stationary laboratory frame be as below, the z component is vertical and x 
and y are perpendicular to it. The rotating frame axes are denoted x', y' and z', with z' in 
the same direction as z and x' and y' perpendicular to each other, rotating about the z' axis 
(figure 2.6). 
xy 
Figure 2.6: The stationary Cartesian axes, x, y and z and the rotating frame with axes x, y' and z'. 
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In a frame of reference rotating about the z axis at the excitation frequency, tj, the 
effective frequency `seen' by the spins in this rotating frame is COO - wQ, where a is the 
NQR frequency. At resonance mo =o )L), and the resultant magnetisation, M, appears 
stationary. 
If an RF field, Bl, rotating about the z axis is now applied at resonance, we can represent 
this in the rotating frame as a vector along (say) x; the effective field experienced by Al is 
now Bi about which it precesses at an angular frequency, t, known as the nutation 
frequency, so changing the angle between the z axis and Al. Hence 
ßv1= yBl (2.52) 





Figure 2.7: An RF field applied along the x axis rotates Af from z to y, corresponding to the v+ (vx) 
transition of a spin-I nucleus. 
This is a classical model for the process. A quantum mechanical model begins by 
assuming that before a pulse is applied, the spins occupy their energy levels according to 
the Boltzmann distribution so that at moderate temperatures there are more in the lower 
energy level. When the resonant B1 field is applied along one axis (figure 2.7), spins can 
absorb energy and jump to the higher level, corresponding to the applied frequency, and 
on removal of the Bi pulse they return back to thermal equilibrium by a process known as 
spin-lattice relaxation. 
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This view is analogous to that of NMR, where a transition between the m, = +1/2 and -1/2 
energy levels, induced by a static magnetic field, occurs. We now detail this effect of the 
RF pulse in an NMR experiment. 
2.5.2 The interaction of spins with the rotating RF field, 1='/s - the NMR case 
In a rotating field, the total magnetic field, B(t), rotating with angular velocity w is 
B(t) = iB, cosa t+ jB, sines=t+kBo (2.53) 
where Bi is the applied field and Bo is any static field present and Q, and k are the unit 
vectors corresponding the x, y and z axes respectively. The time-dependent Schrödinger 
equation 8 is found to be 
ti ö`Y 
-_ -p. B`P = -y/ 
[B0I + B, (' cos wzt + 1,, sin tvjt)] `P (2.54) 
i at 
Using the relationships 
Ix =e-uelxe"°B =Ixcos 0+Iysin 0 (2.55) 
IY =e u=BIxe", B = _IX sin 0+ Iy cos 0 (2.56) 
Is, _- e"°=Blxerf=e =1z (2.57) 
the Hamiltonian can be expressed as 
M= -y/ 
(BOI + B1e rw, "f lzelw, ", ) (2.58) 
We separate IX from the operator containing the Iz to let it act on Y' by setting 
qi' = e"-"- `Y or T= e-"-"- T' (2.59) 
indicating the rotation of Wthrough to T' by an angle of ov. t. So, 
OT (2.60) 
at at 
Substitution of these terms into the original Schrödinger equation and multiplication by 
exp(ia tlz) gives 
_-[ti((vz+yBo)I: +ytýB1J i ör 
removing the time dependence of B j(t). 
At resonance, cvý = -yBo. The rotationally transformed Hamiltonian SC is defined as 
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3i' =-[(tiw= + ytiBo)12 + yt: B, lx] (2.62) 
so we can solve the rotationally transformed Schrödinger equation (2.61) 
T'(t) = e`('/"'tP gy(p) (2.63) 
and by use of (2.59) we achieve a solution of the original Schrödinger equation in the 
presence of a rotating field 
=e1 hht e 
('l»)x'1 P '(O) 
and we see that at t=0 1'(0)= Yß'(0). 
(2.64) 
We can now calculate the time dependence of the expectation value of the x-componcnt 
of the magnetic moment, <u>. Assuming Bj is on resonance, we can say 
. %' = -yý1B, Ix (2.65) 
By use of 2.64 in 2.65 we find 
(p2 (t» = 
Jqj* (t )p2'' (t) dz 
(2.66) 
(p2 (t» = yti 
J[et I1zI1BhIu1q1 (O)]Js [e-"ý", e're'`r`ly (0)] dr 
If 
col =yB, (2.67) 
and Ix and IZ are Hermitian 
ýi (týý=Yh J` *(0)e-'°"xe, ý, s"I2C , 0J 2e'°'"'tlldr 
(2.68) 
(p2 ýt» =Yh JW (U)e rý, 'ý: I2e'w" Pdr 
by use of 2.55 - 2.57 we find 
8 rMtýjlZe'ýýýj 
=-Iysin cot +I., coso), t (2.69) 
Substitution of 2.68 gives 
(p. (t» =-( (0)}sinwt+(pZ (0))cosw, t (2.70) 
When at time t=0 the magnetization lies along the z-axis, <u,, (O)> =0 and so 
(fu (t» = (, ut (o)} cos yB, r (2.71) 
So this fits the classical picture of the oscillation of magnetization in time, prccessing 
about B1. However, this calculation does yield an indefinite oscillation as it does not 
include spin-spin or spin-lattice interactions leading to relaxation. 
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2.5.3 The interaction of spins with the rotating RF field, I> 1/2 - the NQR case 
2.5.3.1 The axially symmetric field gradient general case 
The interaction of the quadrupolar nucleus with the applied RF field is given by the time 
dependent Hamiltonian 
JuLm (t)IZ] (2.72) 
Bx(t), By(t), Bz(t) are the components of the RF magnetic field 2Bjcosax in the principal 
axis frame of reference. The matrix elements of the spin angular momentum are 
described by 
ým I IZ I m'ý = mS, nm, 
(2.73) 
(mIIX±iIyIm1)_[(1±m)(1 m+1)]yö,; i, m. 
(2.74) 
The X and Y components of the RF field induce dm = ±1 transitions, whilst Am= 0 
transitions, corresponding to no change in energy, are induced by the Z component. In 
this case of axial symmetry, there are (1- %) transitions observed for half integral spins, 
meaning that one transition would be observed for nuclei with 1= 3/2 whilst a spin-1/2 
nucleus would yield no NQR frequency. Integral spins can produce I transition 
frequencies. 
2.5.3.2 The response of quadrupolar nuclei 
We shall now consider the response to pulses of RF radiation in the case of spin- /2 nuclei 
when z=0. We can say that a Gaussian distribution, g(am) of frequencies "'is 
assumed3 so that 
2 




where a is the frequency, given by 
Cv,  = 
3A 
(2lm)+1) (2.76) 
and öis the root mean square width, taking into account line broadening, which will be 
discussed later. Relaxation effects are neglected. With the radiofrcquency field 
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generated by the pulses perpendicular to the symmetry axis, we find the terms in (2.72) to 
be 
BX = 2B, cos wt (2.77) 
By =0 (2.78) 
BZ =0 (2.79) 
where the amplitude of the field is B, and its frequency c. We shall set the conditions 
tobe 
tw «S (2.80) 
and 
z» (2.81) 
where t,, is the pulse width and t the time between pulses (which are of equal length) with 
all nuclear spins behaving identically during the pulse. We can write the wavefunction at 
time t for a given spin as 
ýV = C, (t)VI e (2.82) 
where 
I Cm(t)Ii =1 (2.83) 
and the wavefunctions y'm correspond to the cigenstates of equation 2.21 and the energy 
levels calculated in 2.23. Preceding the first pulse, at t=0, there is thermal equilibrium 
and 
ICY (p)IZ = 
IC 
ý (p)IZ _4e 






We write the time dependent Schrödinger equation as 






(31= -12) (2.87) 2 
where aQ' is the resonance frequency and 
A= -2ytlIXB, costoQt (2.88) 
Removal of the RF perturbation gives 
ih yr = AV/ (2.89) 
We can now solve the Hamiltonian both in the presence of the pulse and following its 
removal 












The relation between the two events holds 
C. (to + t) =RC. (to) 


















0 cos 2 
0 
J co t 0 i sin 2 
0 cos 2 
Assuming a uniform RF field across the sample, for simplicity, we can set 
-, 
f3-w, tw =ý (2.96) 
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for a given pulse width, t, v. 
We can now calculate the expectation values of the magnetization in each direction and at 
time t> tw we find 
<I, >= -, 
fia tz sin ý sin at (2.97) 
<Iy >=0 (2.98) 
< I= >= 0 (2.99) 
As would be expected there is only magnetization in the x-direction, found with use of 
(2.75) to be 
Q ýi 
2y itz 3Nýy 
M. 
4kT sin e 
a2 
sin toot (2.100) 
For a sample containing N spins we can find the voltage induced in the NQR solenoid 




-a2'X AV = An sin cos wQte 2 (2.101) dt 4kT 
where A is the cross-sectional area of the cylindrical solenoid and n is the number of 
turns. In a two pulse sequence the voltage induced can be calculated as 
sin cos2 2 cos o)Qte- 
tY 
+ 





giving a maximum echo signal at t=2r corresponding to the third term in the above 
equation and in agreement with the classical model. These voltage calculations can be 
applied to quadrupolar nuclei of any spin by substitution of the term 
by [(1- I ml)(1 + Iml + 1)]' in equation (2.95) onwards provided that i=0. Similar 
9 
equations for the nuclear response in a small magnetic field are detailed elsewhere. 
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2.6 Transition probabilities 
Having determined the energy levels between which transitions can occur and the effects 
of RF pulses on the nuclei, we must now discuss the probabilities of these transitions 
occurring. We will first consider the simple NMR case for spin-'/2. 
2.6.1 A simple 2 level system 
In a sample of certain mass there will be a total of N spins, which can be found in the in = 
+1/2 or in = -1/2 states, which will have N+ and N. spins in each state respectively. On the 
application of an RF pulse a transition may be induced, changing the populations of each 





Figure 2.8: Transitions between states +Y/2 and -'/2 with their associated populations and transition 
probabilities. 
The rate of change of the population N+ is 
dN+ 
_ N_n - N,. Wt dt 
(2.103) 
Introducing the well known formula for the probability per second Pa_, b of a transition 
from state a to state b, with energies Ea and Eb respectively, due to a time dependent 
interaction V(t) we state 
Pa-b =2 I(bIVIa)I28(Ea-Ee-ti w) (2.104) 
We know that 
I(aIVIb)IZ =l(bIVIQ)IZ (2.105) 
so that the rate on population change in each direction is equal and so 
if'y = 6VT =W (2.106) 
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We can now write 
dN+ 
_W (N - N+) (2.107) dt 
We know that the total population is 
N=N, 4+N 
(2.108) 
and we introduce the population difference, 
n =N- -N. (2.109) 
so we can now say 
N+ =2 (N+n) (2.110) 
and 
N =! (N-n) (2.111) 
We now find 
do 
_ _2Wn dt 
(2.112) 
solved as 
n_ n(O)e-2 (2.113) 
As the populations of each state change due to transitions, the rate of energy absorbed by 
the system is written as 
dE 
= N, Whw-N Wtity = Wtiawn di 
(2.114) 
We observe that there must be a population difference, i. e. n 0, for a net absorption of 
energy. The above result would indicate that resonant absorption of energy would cease 
as a zero value ofn was reached and a zero probability (with no magnetic field applied) 
would result in no population change. In reality, once the spins have aligned themselves 
with the magnetic field, following its application, the populations change but the system 
must then lose energy as they relax back to equilibrium. The energy is transferred to 
another system - the lattice. The lattice acts as a spin reservoir, absorbing the energy 
transferred through molecular motions such as rotations, until equilibrium is reached at 
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which the relative populations N+/N. correspond to the temperature T of the lattice. At 
this equilibrium point, the relative populations of each state arc 
No 




We now introduce transition probabilities relating to the coupling of spins with the lattice 
system. If Wt be the probability per second of a transition from +1/2 to -h/2 statcs and IV, 
the reverse then 
dN+ 
WVN_ - W? N+ dt = 
(2.116) 
The transitions probabilities are now unequal and as the rate of change of N+ population 








= erXBOIkT (2.118) W1 
Now, transitions can only occur when a simultaneous transition occurs in the lattice 






Figure 2.9: An allowed transition event conserving energy within the nuclear spin and lattice systems. 
Now we find the number of transitions per second to be 
NINAlb- 2a (2.119) 
with the transition probability {V1b-, 2abeing that of the allowed condition. 
In the steady state 
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N, Nb'Vlb-º2a = N2NaJV2a +Ib 
(2.120) 
and as 
lyb42a = i'2a-1b (2.121) 





and we can find 
{Vt = No)V2a-º1b (2.123) 
and 
lvý = NbWlb-ºza = NbWVia-*Ib (2.124) 
so it is clear that the two transition probabilities are not equal. Substituting 2.110 and 
2.111 into 2.112 we can write 
do 







pro =N ivy+1vt 
and 
I 
=QvV +WT) T, 







where A is a constant of integration, no is the population difference at thermal equilibrium 
and we introduce T,, the spin-lattice relaxation time -a characteristic value of great 
importance in NMR and NQR experimental work. 
This rate defines the time necessary for magnetization to be established, following an 
exponential rise to equilibrium from an initial unmagnetizcd state, 
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ii=n0(i_e `IT (2.130) 
Bringing together (2.112) and (2.126) we find the transition rate given by thermal 
processes and the applied magnetic field to be 
dt = -2Wn 
+ 
11 °T 11 (2.131) 
where at steady state 
n° (2.132) 
1+2WT 





We observe that if 2WTj «1 the populations are not disturbed from their thermal 
equilibrium values by absorption of the energy of the applied field. 
2.6.2 Quadrupolar transition probabilities 
The solutions of the rate equations for higher spin nuclei and the corresponding transition 
probabilities are somewhat more complicated than those stated above for the spin-'/2 case. 
Spin-3! 2 nuclei recovery follows an exponential function because the energy levels are 
equally spaced, similar to the NMR situation. In general, the spin-lattice relaxation rate 
for spin- /2 nuclei can be simply calculated1° as 
T=1 (2.134) ' 2(W + W2) 
where IVY and WV2 correspond to the urn = ±1 and din = ±2 transitions. 
For spin I=1, there are three NQR transitions possible and hence three transition 
probabilities - 6VZ» W. and JVxy - contributing to the spin lattice relaxation rate. The way 
in which these probabilities can be determined experimentally is detailed by Vega11. 
It is clear that the overall transition probability is now dependent on all three transitions 
and so we may expect the relaxation to deviate from a single exponential function. 
Detailed derivations of the transition probabilities will not be given here but a general 
case will be stated. In the axially symmetric case, use of first order perturbation theory 
finds the probability from state yr,  to yrm+i to be 
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Y2 Biz I\m + 1l 1+ I' )I2 g(wm ) {Vm-ºm+l =1 4 
(2.135) 
where Bi is the resonant RF field amplitude and g(w) is the normalised line shape 
function. 
L 




The effects of the internal motions of the solid sample on the quadrupolar transition 
probablilities, tiff, and iV±and the factors that determine their values are discussed in 
further detail elsewhere3. 
At low or zero values of q, only the dm t1 transition is observable. dni - t2 transitions 
may occur in NQR during the restoration of equilibrium via torsional motions. For this 
case, Wocssner and Gutowsky have discussed the transition probabilities for the 
relaxation of spin 3/2 nuclei for a number of relaxation mechanisms using first order 
perturbation theory with the assumption that the nuclei within the molecule exist in 
discrete torsional oscillation energy levels. Derivations of IVY and {V2, relating to the dm 
= ±1 and dm = ±2 transitions respectively, were published for the case of harmonic 
torsional oscillations and also for relaxation by fluctuation in the electric field gradient. 
The rare case of relaxation vibration in which energy is exchanged directly between the 
spin system and the lattice phonons is also briefly discussed. 
2.7 Bloch's equations 
The relaxation of the nuclei back to equilibrium in NMR can be discussed in terms of 
their magnetisation along the perpendicular axes, governed by the spin-lattice 
(longitudinal) and spin-spin (transverse) relaxation rates; Tj and T2 respectively. Bloch 
described the rates of change of magnetisation relative to the relaxation rates as 
dM1 
= 










where MZ is the time dependent magnetisation parallel to the applied field and RM2 and My 
are the components of magnetisation perpendicular to the field. 
We find that 
dx= 
_L, + MyAw (2.141) T2 
dMy 




- My yB, (2.143) dt T, 
and in the rotating frame model the steady state solutions taking account of the applied BI 




l+(Oa7)2 +y2 B, 2TT2 
My - 
yBI T2 Aio (2.145) 
1+(AfOT2 ) +yi B12 T, T T2 
1+(ewT2) Mz =Z Mo (2.146) 
1+(ewT2) +y2B; T, T2 
2.8 Nuclear relaxation 
We have already discussed the equations describing the voltage induced following a 
pulse or number of pulses of RF radiation in an NQR experiment. We will now take the 
macroscopic view of some NQR phenomena experimentally observed or utilized in this 
work. 
2.8.1 The free induction decay 
Free induction decays (FIDs) are the responses due a single pulse. Following a pulse 
there must be a `dead time' during which neither RF is applied nor can data be acquired 
(figure 2.10) so that the maximum intensity observed is somewhat less than the response 
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at t-0, usually taken as the centre of the pulse; reception of the signal immediately after 
the pulse would lead to pulse breakthrough, which is usually much greater than any 
signal, so saturating the reccivcr. 
Dead 
Pulse time Maximum intensity recorded 
EID 
Figure 2.10: Free induction decay signal following a pulse. 
We usually assume the FID to be singly exponential with the signal decaying 
proportionally to exp41TJ*; this being the case, Fourier transformation of the FID would 
then yield a spectrum following Lorentzian lineshapc. Lowe and Norbcrg'2 give a 
thorough discussion of free induction decays in solids, the full quantum mechanical terms 
of which will not be discussed here. 
2.8.1.1 Lorentzian and Gaussian lineshapes 





with constants A and Al, which define the steepness of the slope, and offset xO, usually the 
resonance frequency in an NQR experiment. A Lorcntzian line has the characteristics of 




This is a commonly observed line shape in NQR experiments and can be used to estimate 
T2*, commonly known as the spin-phase memory decay time. T2* appears in the above 
equations as the steepness constant Af in the Lorcntzian function. A narrow Lorentzian 
line will be observed when T2* is long, and vice versa. 
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Other line shapes may be observed, depending on the purity of the sample and the 
presence of internal strains; one such lincshape töllows a Gaussian distribution, described 
by the function 
G(x) = cxp N2 
(2.149) 
with the constant N defining the steepness of slope with the width at half height fund to 
be 
AG = 2Nln2 (2.150) 
and characteristically the Fourier transform of a Gaussian will yield another Gaussian 
lineshape. Gaussian functions have much smaller 'wings' in comparison to Lorcntiian 
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Figure 2.11: Lorentzian (blue) and Gaussian (pink) lincshapes, with . 1/ mN0.5 s and r,, 
2000 Ui. 
If the FID is short, i. e. with broad lines, the maximum Ell) intensity recorded will be low 
and the errors in relaxation calculations will be large as there will be fewer points to fit to 
the function, which can lead to other problems, discussed in the experimental section. 
Long dead times also diminish the amount of F ID electronically recovered; one way of' 
overcoming this problem is to use echoes, which will he discussed. 
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2.8.1.2 Flip angle 
The orientation of the applied field relative to the electric field gradient determines the 
energy absorbed and therefore the intensity of the signal recovered. To return to the 
classical model, M rotates about Bj (figure 2.12) by an angle, a, called the flip angle14, 
given by the equation 
a= yB, t,, (2.151) 
where B1 = the amplitude of RF field and t,, = the pulse width. 
Z' 
x Y 
Figure 2.12: The resultant magnetisation, Al, tipped towards the x-y plane following an RF pulse. 
As we know, once the RF pulse has been removed, there is free nuclear precession at an 
allowed frequency and the spins return to thermal equilibrium through relaxation 
processes; as they do so, the magnetisation in the x -y plane induces a decaying signal in 
the same RF coil which generated the B, field, giving rise to the free induction decay. 
The FID intensity depends on a and so it is desirable to have (for this model) the 
optimum a value of 90 ° to achieve the best signal-to-noise ratio (SNR). As can be seen 
from equation (2.15 1) this could be done by increasing any of the components, y, B, or tw. 
However, y is intrinsic to a specific nucleus and so Bj or t, y must be changed. The pulse 
time can be varied and controlled most easily and so by running a number of sequences 
using different pulse times to generate signals, a periodic function of tW can be generated 
in a 2-dimensional scan. The stack plot shows the maximum amplitude of the Fourier 
transformed FID plotted as a function of the pulse width; in NQR, the peak intensity 
follows a Bcssel function with maxima and minima at certain pulse lengths (except when 
q= 0). The Bessel function takes account of the fact that in a solid polycrystalline 
material the crystal axes can take up all different directions with respect to the Bi 
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direction. If this were not the case, as in a single crystal, a simple sine function could be 




sin(2o t,, cos a) (2.152) 
where <I, is the expectation value of the angular momentum operator, Ix, and cog is the 
NQR frequency. To allow for the crystals being orientated in different directions with 
respect to B1, the following equation is used 
24a da=-2d(cosa) (2.153) 
which is the fraction of crystallites with the principal x-axis of the electric field gradient 
lying between a and a+ da with respect to the coil axis. 
By integrating over all a values, combining equations (2.152) and (2.153) and including 
a cos a term (introduced because the induced coil signal is proportional to cos a) the 
following equation for the NQR signal can be derived"; 
<1w,, >oc- 
JQ 
cos asin(w, t. cosa)d(cosa) (2.154) 2kT 
fo 
<J ,, >= 
Q21 sina - cos a) kT a 
(2.155) 
and this function has a maximum at 119 ° not 90 °. However, it is common for a 119 ° 
flip angle to be referred to as 90, ff, or "/2 pulse in NQR. In all experimental work it is 
important to analyse the signal response in terms of the above equation to maximise the 
SNR. 
2.8.2 The Hahn echo 
It has been observed in section 2.5 that two pulses (which are short compared to T1), 
applied time r apart, will generate an echo signal at a time railer the second pulse. The 
echo suffers little or no dead time loss, as it is measured at a time after the pulse 
sufficient to move most or all of the signal away from the dead time (figure 2.13). 
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Figure 2.13: Two pulses separated by time, r, generate an echo time, r after the second pulse. 
The spin echo, developed in NMR by Hahn16, arises in terms of the classical vector 
model when a second irpulse of the same or opposite pulse is applied, at time r, a 180 ° 
rotation is then performed on the spins about the x' axis, which had previously fanned out 
in the x y' plane following an initial "/2 pulse at t=0. Following this ;r pulse the spins are 
still in the x'-y' plane but the slower spins are now ahead of the y' axis by the same 
amount as they were behind, and similarly the spins which were ahead are now having to 
catch up. As they are all processing at their unchanged NQR frequencies it will take the 
same amount of time, r, for all of the isochromats to rephasc and get back to parallelism 
with the y' axis to give a total magnetisation along the +y' or y' direction (figure 2.14). 
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Hence, at time 2 ran echo, which is two FIDs back to back, will be observed, as 
calculated in equation 2.102. Whether the echo is positive or negative depends on the 
phase of the second pulse, relative to the first. If pulses of the same phase (applied along 
the same axis) arc used, the echo is negative, and if pulses of different phases (one 
applied along x, the other along y) the echo is positive. When finding relaxation times 
the peak magnitude is the used value, so the sign is irrelevant. 
Through measurement of the signals generated as F1Ds and spin echoes, information 
about relaxation processes can be obtained. The different relaxation times and the pulse 
programs used to obtain them are described in the next section. 
The transient and echo responses and relaxation rates for various pulse sequences will 
differ slightly in the calculations according to the various pulse combinations used and a 
number of publications discuss different combinations for both NMR17, and 
NQR' 8'19'20'21; in the latter case, rq is often set to zero, avoiding the more complex 
calculations presented in the more usual case of axial asymmetry. The most common and 
general relaxation rate calculations which are used experimentally will be presented 
below. 
2.8.3 Relaxation rates 
We will now discuss further the relaxation rates introduced in the Bloch equations and 
present the classical view of the processes occurring and some information about the 
rates. 
2.8.3.1 Ti: Spin-lattice relaxation time 
The spin-lattice relaxation time is probably the most important relaxation rate in NQR. 
As discussed in section 2.6, it is dependent on the transition probabilities, My, determined 
by the interactions of the lattice with the spins and the energy level populations; it also 
determines the rate of change of magnetization (2.138). It is used to characterize a 
material and is essential knowledge in the identification and analysis of a sample. 
When RF energy is applied to a set of nuclei and perturbs the equilibrium Boltzmann 
populations, the spins will relax back to equilibrium by transferring their energy into the 
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thermal energy of the translations, rotations and vibrations of atoms and molecules in the 
solid sample. Together these atomic and molecular motions, the thermal degrees of 
freedom, are referred to as the lattice; hence T1 is spin-lattice relaxation (it is also referred 
to as longitudinal relaxation, as in NMR it governs changes of components parallel to 
Be). 
Quadrupolar and dipolar effects may both contribute to the relaxation and the dependence 
of Ti on the lattice motions can give an insight into the molecular or atomic motions in 
the sample. For example, molecular motion, such as ring buckling in piperazine22, will 
change the EFG experienced by the quadrupolar nuclei, producing quadrupolar 
relaxation. Plotting the spin-lattice relaxation rate against temperature is particularly 
useful in determining the possible relaxation mechanisms taking place. If an activation 
energy value can be determined from such a graph, usually across a specific temperature 
range, this can be compared with known or expected values for thermally activated 
processes occurring within the molecule under analysis. T1 is particularly sensitive to 
hindered rotations and other large amplitude molecular modes which follow an 
Arrhenius-type equation23 
T=T (0)e°s*IRT (2.156) 
If a straight line is observed in a In T1 vs 1/Tplot, the activation energy, AE* for the 
mode can be calculated from the gradient. It should be noted however, that in different 
temperature regions different processes will dominate the relaxation rate24. 
The energy exchange occurring during relaxation also changes the temperature of the 
sample but this is negligible except at very low temperatures (20 K or less). 
There are a number of different pulse sequences which can be used to determine Ti, some 
of which will be discussed here. Since the coil responds to magnetization in the x -y plane 
and T1 is a measure of recovery ofM in the z direction, to measure T, a second pulse 
must be used, which monitors the recovered magnetisation in the z direction. Relaxation 
rate equations considering a number of NQR pulse sequence situations have been 
thoroughly investigated by Vega and Vaughan25. We now look at the different 
techniques and pulse sequences which can be used to measure Ti. 
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2.8.3.1.1. Inversion-recovery (n - r- 7/2 or 180 °- z- 90 °) 
The first ;r pulse is applied at approximately twice the 90eipulse length, inverting the 
population of the energy levels; in the rotating frame the spins are rotated through 180 ° 
and the magnetisation is Mo. The magnetisation then begins to recover through zero, 
towards a constant positive equilibrium value, when the value ofM is equal to +Mo. The 
second pulse, the 90efTpulse, is then applied after a short time, r, and the z magnetisation 
recovered at that time rotated into the x -y plane and thus measured by the coil. This 
sequence, 'r-r 1/2, is carried out several times with at least ten different rvalues, from r 
=0 to r>5 Ti, between pulses. The Fourier transformed signals can then be brought 
together in a 2-dimensional plot, or the recovered magnetisation (peak intensity) plotted 
as a function of r, when the signal is seen to increase with increasing z, due to greater 
recovery at longer values of r The recovered FID after the second pulse may be fitted to 
the equation14 
M2(tý=Mo(1-2e `Ir) (2.157) 
For spin-I systems with three levels, as for14N, the Ti recoveries are in general bi- 
exponential but often a single-exponential fit is sufficient to estimate T1. The time 
needed for full recovery of magnetisation and return to equilibrium is at least 4 or 5 times 
Ti, so the time between scans must be sufficient to allow for this. In NQR of a 
polycrystalline sample a perfect 180 ° pulse cannot be achieved for all spins, which 
results in the inversion recovery starting at less than its full negative magnitude, -Mo; this 
value is however needed for a Tj calculation. Hence, when Tl is calculated using the 
MacNMR software utilized in this work, a value is given which is a measure of how 
symmetric the curve is on either side of the baseline; in NQR the final steady state value 
will always be greater in magnitude than the negative starting value. 
2.8.3.1.2. Saturation-recovery C12 - z- "/2 or 90 °- r- 90 °) 
In this method a fast pulse sequence uses "/2 pulses to saturate the spins, which arc then 
allowed to relax during an `off period, r, before a second "/2 pulse is used to measure the 
recovered magnetisation. The equation that relates the magnetisation at time r, MMZ(t, ) to 
Tl for single exponential recovery is 
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A1: (t)=M0(1-e"`t'') (2.158) 
The time between scans does not need to be long, as in inversion recovery, as the 
magnetization does not have to recover through 210, and so this technique is suitable for 
compounds with a long TI, although the maximum rvaluc must be greater than Ti. It is a 
useful method because it is fast and for a broad spectrum it can produce accurate line 
intensities, compared to using inversion-recovery, as the preparation pulse is half that for 
inversion recovery so the frequency excitation width is doubled for a given power and 
coil setup. 
2.8.3.1.3. Steady state sequence 
T, can also be measured using a steady state sequence (SSS). This is similar to the 
saturation-recovery sequence above, except in this case there is the same delay between 
all pulses. A long train Of '/2 pulses, separated by r, is applied and aller a time a steady 
state is reached. The magnetisation at time ris the same as in the "/2-r-ln12 sequence (2. 
158). This is a useful sequence if Ti is completely unknown, or suspected to be long, as 
the 2-dimensional plot shows the magnetization still rising if T, is longer than estimated. 
This is advantageous compared to inversion recovery, where the Ti must not be assumed 
to be shorter than it is, in order that a sufficient time (at least 5Ti) is allowed between 
scans to achieve full recovery and acquire a `true' plot. According to Vega" a steady 
state sequence can also yield a true exponential recovery for both single crystal and 
powder experiments. 
2.8.3.2 T2*: Spin-phase memory decay time 
T2* governs the FID time. It is usually shorter than T2 in NQR and this difference is a 
measure of how inhomogencous the system is; this inhomogeneity can be due to defects 
or impurities in the sample, which disturb the EFG, or it can also be due to fluctuations in 
the EFG itself. Precession will occur at different rates in different parts of the sample due 
to impurities or the slight differences in environment and this leads to a dcphasing of the 
signal, thus a shorter T2* time than might be expected in a homogenous system. As the 
sample/system becomes more homogeneous T2* increases until it equals T2, so in all 
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cases T2* S T2. In terms of the vector model, different parts of the sample experience 
different EFGs, and may have differing magnetisations. Each small section, experiencing 
a homogenous electric field gradient in its vicinity, is called a spin isochromat. 
Following a "/1 pulse, each isochromat processes at its characteristic NQR frequency, 
with those experiencing a larger electric field gradient having a greater frequency and 
vice versa. The spin isochromats will gradually get out of phase with each other in time, 
some being slower and some faster than average, as the total magnetisation fans out 





t=0 t= T2* t»T2* 
v' 
Figure 2.15: Following a '/z pulse in the rotating frame, the magnetisation fans out in the x'-y' 
plane due to inhomogeneity. 
This leads to decay in the signal as the magnetisation along they axis decreases in 
amplitude, and the voltage decays according to T2*. This is the free induction decay seen 
following a single pulse. Magnetic dipole and electric quadrupolar effects will affect 
both transverse relaxation rates, leading to line broadening. 
2.8.3.3 T2: Spin-spin relaxation time 
This is also known as transverse relaxation and is a measure of the true decay of the x -y 
plane precession as introduced in the Bloch equations 2.139 and 2.140. As the name 
suggests, the energy from one spin is transferred to another spin in energy conserving 
spin-flips. T2 is determined by molecular diffusion in liquids and is often equal to Tl but 
this is rarely the case in NQR. In solids there is much less molecular motion and T2 is 
often governed by dipole-dipole interactions. Due to inhomogeneity broadening T2 
cannot be measured directly and so echo sequences must be used. 
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The fanning out in figure 2.14 is reversible through application of a second pulse along 
the x'axis as already discussed in section 2.8.2. When the time between pulses, r, is 
increased, the intensity of the echo will diminish so a 2-dimensional plot of the intensity 
as a function of time can be generated, which allows calculation of T2, by fitting the curve 
to the following equation 
-zr/r, M«tie (t) = Moe (2.159) 
2.9 Dipolar coupling 
As NQR deals with solid samples, the nuclei are usually fixed in rigid positions within 
the sample and will experience local magnetic fields due to their neighbours which will 
not be averaged out by rapid molecular motion as occurs in liquids. Line broadening due 
to the frequency deviations caused by this dipole-dipole interaction has been derived and 
discussed in terms of its influence on lineshapes obtained from free induction decays and 
echoes'7. We calculate here the energy due to this interaction between nuclei. 
We first introduce the classical interaction energy between two magnetic moments as 
E_ /''"/'s 
3(p1. r) (p2. r) 
r3 r5 
(2.160) 
where r is the radius vector between the two magnetic moments p, and p2. To treat this 
interaction quantum mechanically, we first view the magnetic moments as operators 
. ul = Y, 
ttl, (2.161) 
fps = YZtil= (2.162) 
and the dipolar Hamiltonian can be written as 
I"F, 2: IV Pj"Pk 3(pJ'rfk) (Pk'rfk) (2.163) 
! _º k=, rjks rjks 
for N spins. For a pair of dipoles this can now be written as 
= 
rly, h2 (A+B+C+D+E+F) (2.164) 
r3 
commonly known as the dipolar alphabet, where 
A=1,212: (1-3cost ©) (2.165) 
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B=-4(1; 12 +1, 
-12)(1-3cos2 
0) (2.166) 





+ 11=I2) sin 0 cos ©ei4 (2.168) 




where the raising and lowering operators are as standard and 4 and 0 are expressions of 
the polar coordinates ofr. However, as stated earlier, this contribution to the total 
Hamiltonian is often only a small perturbation and can sometimes be neglected in energy 
calculations if the electric interaction is many times greater1°. 
2.9.1 Multiple pulse echo train sequences 
NQR experiments commonly use pulse sequences which generate echo trains and 
multiple pulse sequences have the advantage that they can remove dipolar broadening, 
thus narrowing lines. Phase shifting of the pulses applied averages out the dipolar 
interaction between spins to zero as each nucleus experiences an equal time along the 
different axes of the systems. 
A well known sequence which generates a train of echoes was developed by Carr and 
Purcell26; this sequence consists of an initial 90eff pulse, followed by a series of 180cff 
pulses. The first 180eff pulse is applied at time rafter the 90, ff pulse, with subsequent 
pulses spaced 2 rapart. Echoes arc formed in between pulses with maxima at (2n)rdue 
to the rephrasing described earlier in the Hahn echo treatment. Theoretically, the decay 
of the maxima of the echo train should follow an exponential loss with constant T2 but 
practically relaxation rates shorter than T2 arc found; this relaxation rate is known as Tee. 
Use of the standard Carr-Purcell pulse sequence results in the echoes being generated in a 
series of amplitudes alternating between positive and negative. Often a slightly modified 
sequence is used in order to generate an echo train consisting only of positive amplitude 
maxima. In this Meiboom-Gill modification27 each 180cffpulse is phase shifted by 90 
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degrees with respect to the first 90efrpulse by use of phase tables in the pulse sequence 
programming. Marino and Klaincr28 investigated these echo trains in NQR, as opposed 
to NMR, and found that echo trains could be sustained for lengths of time significantly 
longer than T2 if T<_ T2. The decay of the echo train was suggested to be the sum of two 
exponential decays, though usually Tee is found by fitting the decay of the echo maxima, 
M(t) at time t, to 
Mýtý = Moe-`IT2e (2.171) 
unless the results suggest otherwise. 
The value of Tee is greatly dependent on the spacing between the pulses, r, with 
suggested proportionalities of r, 5 (Marino et al. ) and r2 (Ilitrin et al. )29 in 
'4N resonance. 
Generally, this pulse sequence is referred to as pulse spin locking (PSL) or spin-locked 
spin-echo (SLSE) in NQR and is frequently employed. Further analysis of line- 
narrowing and models of the magnetisation and spin evolution can be found 
3o '31'32. elsewhere 
2.10 Temperature effects 
In most cases studied using NQR, the resonant frequency decreases with temperature, 
typically above 100 K22. This variation in molecular crystals is usually ascribed to the 
increasing amplitude of molecular vibrations with increasing temperature. These 
torsional frequencies are much higher than quadrupole resonance frequencies. As the 
temperature increases the molecular motion induced will reduce the average electric field 
gradient experienced by the nuclei, so the NQR frequency decreases; - in simple terms, 
greater molecular motion leads to an averaging of the EFG experienced by the nuclei and 
in liquids actually averages the electric field gradient to zero. Returning to the solid state, 
the effect on the asymmetry is found to be slight, unless tj is large3, 
The EFG is then dependent on the mean librational amplitude33, <0'>, according to the 
equation 
eq=eqo 1-- <©> (2.171) 
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For an harmonic librational motion of frcquency, wl 
< ©Z >= 
h 
coth 
h w' (2.172) 
2 1, w1 2kT 
where II is the relevant moment of inertia34. 
Across narrow temperature ranges it is sometimes convenient to fit a linear temperature 
coefficient to the NQR frequency; however, over wider ranges a marked curve can be 
whose theoretical temperature coefficient of the frequency, dis given by 
1 dcy' 3ti2 e AT +e 
kT 
(2.173) 
ovm dT 2kT 2r ha 2( 'lN/ 2 Ax e kr-1 AXI e kr_11 
lJ 
where a is the NQR frequency of the stationary molecule, AX and Ayare the moments of 
inertia which correspond to torsional frequencies about the Xand Yaxes respectively3 
(there are no contributions from the torsional motion about the Z axis). 
The dependence of the NQR frequency on both temperature and pressure was 
investigated by Kushida35 et al. who, assuming the high frequency contribution is small 
in comparison to the low frequency contribution, at a given volume found 
v=a 1+bT+T (2.175) 
where 
a= vo (2.176) 
b=-2kj A, (2.177) 
w, 2 
ýiZ M 
C=- g A, (2.178) 
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3 Experimental methods and techniques 
3.1 Introduction 
Nuclear quadrupole resonance is a technique relatively rarely used in analysis and 
detection in industry; as such standard, ready-to-usc NQR equipment is not commercially 
available in the sense that NMR hardware can be purchased. Non-commercial, 
laboratory-built hardware is needed, particularly for research such as this, where a wide 
range of samples and environments must be catered for. Much of the work over the 
course of this research programme involved gaining and using workshop skills, with 
probes and coils being handmade, using sometimes unorthodox materials, as well as 
circuit construction being required as necessary, in order to achieve a working apparatus 
capable of pharmaceutical analysis. This chapter aims to introduce the basic NQR 
apparatus used in the laboratory as well as highlighting instrumental modifications, which 
were made in order to improve experimental conditions and to achieve increased 
performance in areas such as temperature stability, RF field homogeneity and greater 
acquisition of signal by decreasing dead time. 
The manner in which pulse sequences are input and the data processing options available 
are also described, with the main features of standard spectral analyses also briefly 
described to give an understanding of the processes which occur in order to achieve the 
NQR spectra which are finally output, revealing their characteristics and allowing 
identification, quantification and a greater understanding of the chemical samples under 
investigation. 
Firstly, we present a flow chart of the standard hardware that forms part of the apparatus 
used together with instrumental details for each section. The basic instrument is the 
Libra pulsed RF spectrometer made by Tccmag of Houston, Texas. 
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3.2 The NQR spectrometer 
Mac Running 
NMR Kit Il and 







Synthesiser TecroagT"' NQR Attenuator Amplifier 
/NMR Kit (D) (E) 
(C) 
Adjustable Pre amplifier Crossed Diodes 




Diodes to Quarter-wave Tuning Box 
ground box (G) 
(j) (1) 
Probe (coil and 
sample) 
(1{) 
Figure 3.1: NQR hardware flowchart. 
A: An Apple Macintosh computer runs the programs which control the spectrometer - 
NMR Kit II controls the radio frequency applied and allows filters, extra attenuation and 
RF gain to be set and varied according to the signal being observed, the temperature and 
other experimental considerations. 
- NMR 5.4 software - used to develop and control pulse sequences, discussed further in 
section 3.5.1. 
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B and C: Together with the spectrometer and NQR or NMR kit, they transmit and 
receive pulses and signals. The spectrometer has a minimum pulse width of 100 ns and a 
resolution of 10 ns and is controlled by the Macintosh computer when running pulse 
sequences. The NQR Kit can be used for frequencies up to around 12 MHz. The NMR 
Kit is used for 35C1 work together with a frequency synthesizer which can generate 
frequencies between 0.1 and 310 MHz. 
D: The attenuator (Pascall manual attenuator, model AC701,1 - 100 dB, 1 W) allows the 
power to be attenuated from 1 to 30 decibels, changing the BI field generated when all 
other parameters are held constant. Attenuation at this stage is sometimes necessary to 
enable variation of pulse widths. 
E: The amplifier increases the pulse power. When using the NMR Kit an Amplifier 
Research (Model 1000LPM9,200/1000 W, 0.4 - 200 Mllz) amplifier is used. When the 
NQR Kit is used an AmpUK amplifier and driver unit (1500 W, 1.6 -7 MHz) is used. 
F: The blocking diode pairs (5 pairs of 6 V, 1.3 W diodes) only pass current in either 
direction if it is above a certain threshold, thus reducing noise. When the pulse is being 
applied there is a low impedance path (there is little resistance to current passing through) 
and when the pulse is off there is a high impedance, so attenuating noise. 
--1 
Figure 3.2: Crossed diodes circuitry. 
G: The tuning box consists ofa variable capacitor in series and a variable capacitor in 
parallel (Jennings variable vacuum capacitors, of capacitance 5- 125 pF) and enables the 
resonance frequency to be varied and impedance of the coil to be matched to the rest of 
the equipment. 
H: The probe contains the coil surrounding the sample which induces the Bi field. 
Probes are hand-built and designed around experimental needs and the NQR sample. 
More details of the probe and solenoid are given in section 3.3. 
I: The A/4 box acts as a transformer which matches the impedance and protects the pre- 
amplifier (together with the diodes to ground). Transmission lines have a characteristic 
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impedance; 50 Ohms in the case of the coaxial cables used in this project. Impedance 
matching minimizes the reflected power and signal loss. Quarter-wave boxes only 
tolerate an approximate 10 % variation in frequency around the designated value, making 
it important to adjust or replace old boxes accordingly for each new material. By 
allowing current to pass only when the transmitter is off, the pre-amplifier and receiver 
are not saturated by the pulse and only the desired frequencies can pass. Equation (3.1) 
allows calculation of the necessary capacitance, C, in designing a quarter wave box to 




A 50 Ohm impedance, Z, at 2.9 MHz gives an inductance value of2.74 µH and 1098 pF 
capacitance. The solenoid in the circuit is constructed with copper wire and designed 
using the standard solenoid inductance equations (3.2 - 3.3). 
fffr Ii 
Figure 3.3: Quarter-wave circuitry. 
At high frequencies, where the wavelength is shorter, relatively short lengths of co-axial 
cable must be used instead of the separate solenoid and capacitor tuning box design. 
J: The diodes to ground ensure that the current goes to ground when the pulse is on, thus 
directing the current through the coil but when the pulse is off, the signal current is 
directed to the pre amplifier to be amplified. 
K: The pre-amplifier (Miteq Model AN 1054-1103,1 - 500 MHz, S/N 465251) boosts 
the signal received form the coil. This is necessary as only a small voltage is generated 
by the magnetisation of the spins. 
L: This is the power supply for the pre-amplifier (EMS adjustable voltage model 2381/10 
-20,10 - 20 V, 500 mA, set to 15 V). 
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The Apple Macintosh, the Libra Spectrometer and the NQR Kit were supplied by the 
Defence Science and Technology Laboratory (DSTL) at Fort Halstead. 
To achieve optimum power, the RF probe must be tuned before each experiment using a 
signal generator and an oscilloscope. The frequency which is to be used to irradiate the 
sample is output by the signal generator to the probe and the reflected power observed on 
the oscilloscope monitor. The amplitude of the observed waveform is minimised by 
adjusting the matching and tuning dials of the probe. These dials adjust capacitors, one 
set in parallel and one in series, so that they work in combination. Tuning sets the 
resonance frequency of the RF probe to that of the signal generator and matching sets the 
impedance of the RF probe to that of the system. A tuned solenoid is achieved when the 
amplitude of the reflected power is at a minimum for both controls. 
3.3 Probe and coil design 
NQR probes can be made in a number or forms, the most common being a cylindrical 
single or multi-turn solenoid or `bird-cage', with insertion of the sample within the coil, 
or surface coils, with spiral' or meanderline2 planar antenna. An advantage of NQR over 
other analytical techniques is the ability to design the probe and coil to fit the sample 
instead of having to fit the material into a fixed container, for example into fixed volume 
NMR sample tubes. Planar spiral coils arc most often used for applications such as land 
mine detection or as hand-held scanning devices3. The field generated by a spiral coil 
allows remote detection and can typically reach a depth of 10 - 100 cm but clearly cannot 
be shielded in the same manner as a contained cylindrical solenoid. 
3.3.1 Designing a standard 14N NQR probe 
In order to achieve a degree of temperature control, initial experiments were to be carried 
out using a probe submerged in an oil bath. A suitable hand made probe was designed as 
follows. A stainless steel lidded canister (12.5 cm diameter, 14 cm height) was used as 
the main housing and to shield the RF solenoid from external interference, for example 
from nearby machinery, external radio signals or other equipment. Using a lathe, three 4 
mm diameter holes were bored out of the lid of the canister, one in the centre and two 5 
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cm away from the centre so that all three lay in a straight line. The outer holes were then 
drilled with a 12 mm bit to increase their diameter. Into one of the larger holes an RS 
477 107 Buckhcad adapter (co-axial connectors on each side) was placed. Into the other 
a Greenpar B35H39E010X (co-axial connector on one side, threaded nut on the other) 
was placed. Each component had the co-axial connection facing out of the lid. These 
were to be the connectors to the probe for the RF line in and for the induction loop for 
tuning. The central hole was made to enable the coil to be screwed to the lid (figure 3.4), 
enabling different solenoids to be used within the probe with case of exchange. 
Induction 
14 cm 
Figure 3.4: Probe 'A' and coil W. 
Throughout this research programme only cylindrical solenoids were used. In designing 
such a coil the number of turns of the coil should be calculated from equation (3.2) so 
that the inductance is suitable for the intended incident frequencies. 
L(pH) = r`n2/(9r+101) (3.2) 
where L is the inductance (in microhenries) 
r is the radius of the coil (in inches) 
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4- 5 cinf 
n is the number of turns of the coil 
I is the length of the coil (in inches) 
Theoretically, the inductance, L, required for a given frequency, v, can be calculated from 
equation (3.3) fora given quality factor, Q, (explained further in section 3.4) and 
resistance of the system 
Q=2, rv& 
where R is the resistance. 
(3.3) 
A 13 cm long, 5 cm internal diameter, 5.5 cm external diameter, hollow plastic drainpipe 
was used as the coil support and sample holder with a block of PTFE (approximately 5 
cm length by 5 cm diameter) held at one end. The standard containers chosen for use in 
the '4N work were plastic containers of diameter 5 cm, length 7 cm, sample fill depth 5.5 
cm giving a sample volume of 108 cm3. The length of the coil should be designed to be 
slightly longer than the length of the sample, to ensure that the Bj field is reasonably 
homogeneous across the sample, hence ensuring all nuclei experience a similar field 
strength, and the whole volume of the container is sampled. 
The samples were placed in plastic commercial vitamin containers, with Teflon tape used 
to seal the join between the lid the container. Plastic stoppers placed in the bottom of the 
pipe ensured the sample was held centrally within the coil. The container was made 
airtight to ensure that silicon oil from the temperature bath did not enter the sample as 
this could affect the spectra, due to dissolution or interaction, as well as producing a 
volume change. Also, the sample would be tedious to dispose of and expensive to 
replace. 
Applying equation (3.2) the number of turns required to give an inductance of 10 µßi, 
calculated for a frequency of 3.56 Mliz, was 17. The first coil to be used in this probe 
(coil A) had been previously built by Dr. Michael Rowe, and consisted of 18 evenly 
spaced turns of Litz wire, mounted on the PTFE pipe, with a5 cm diameter and an 
overall solenoid length of 6 cm. (Litz wire is a multi-strand wire; a number of thin, 
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insulated wires are woven together to form a wire with a lower resistance than would 
occur if the wire were a single, thicker uniform strand of metal. It is used to overcome 
the `skin effect': an alternating current tends to flow at the edges of a wire, rather than the 
centre. ) The inductance was measured to be 14 µ1i. 
Tin annealed copper wire was used to connect one end of the coil to the co axial 
connector in the lid and the other end of the coil to earth. It was also used to make the 
induction loop, and to connect it to the co axial output. An induction loop is a small loop 
of wire, in this case with an approximate diameter of 15 mm, which allows the RF input 
to be monitored externally on as oscilloscope. Pulse shapes, widths, and peak-to-peak 
voltages can all be monitored with an oscilloscope via the induction loop, which can 
prove particularly useful when diagnosing experimental problems. M4 rings were 
soldered to the wire for the connections. Tin coated wire can sometimes be problematic 
in radiofrequency work as the RF flows through the skin, i. e. the tin, instead of through 
the copper wire, the better, and intended, conductor. The connections were then covered 
with insulation tape to ensure the wires did not touch the sides of the canister. The lid 
was then placed on the canister to complete the probe. 
3.3.2 Designing a coil of variable pitch 
It has been shown that a coil wound with variably spaced turns can give a more 
homogeneous Bl field than a comparable coil with even spacing4. This is particularly 
important in quantitative work, where the amount of material in the RF probe has to be 
determined. A coil of variable pitch was wound, to give increased field homogeneity, 
based on equations originally given by Leifers which generated a Bj field with only a 5% 
peak-to-peak variation. Coil `A', designed for use around 3.56 MHz, consisted of 18 
uniform turns and had an inductance of approximately 14 p1l. The dimensions of the coil 
used by Leifer (5.1 cm diameter, 7.6 cm length) were slightly less than those necessary to 
hold the preferred sample containers, so a scaled-up version was used. 
The 18 turn coil, of length 9 cm, was supported on a length of plastic piping, with 
external diameter 5.5 cm. A continuous spiral groove, in which the wire would sit, was 
filed after a guidance line had been etched in; this line was drawn by plotting on graph 
paper (with ordinates x= coil length and y= circumference) the mid points of the turns at 
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+27'/2 and -2"r/2, and the turn points along the x-axis, joining the points on the graph to 
form a series of diagonal lines, wrapping this around the pipe to give a continuous spiral 
and then cutting along the lines with a Stanley knife. Anchor screws were placed at each 
end of the coil and 1 mm diameter copper wire was tightly wound onto the pipe along the 
grooves, with washers and nuts securing the ends at the anchor points. AralditeTM was 
used to secure the anchor points and varnish was applied over the whole coil to seal it and 
help to hold the wire in the grooves. The coil was placed in an old probe canister and 
tuned to 3.563 MHz to enable tests to be carried out. A simple echo sequence was run at 
room temperature and a 14N signal from furosemide was observed. 
The effect of variable pitch on the inductance was of interest: how well would equation 
(3.2) hold? The inductance across the solenoid was measured using a hand held meter 
and found to be approximately 9 µ1i. This is in reasonable agreement with the value of 
8.2 µH predicted by the above equation (3.2). Q was found to be approximately 100. 
To enable a direct comparison and to measure the effect of the variable pitch only, a 
second solenoid was made, with the same dimensions, materials and construction 
methods, the only difference being that the turns were equally spaced. For this coil Q= 
91 L=8 pH. In order to measure the field homogeneity a small induction loop, 
approximately 1 cm diameter, which could be inserted into the solenoid at different 
positions, was constructed using thin copper wire. The induction loop was mounted on a 
plastic cylinder and connected to an oscilloscope so that the induced RF signal could be 
measured. As the loop was moved along the length of the coil in the centre of the 
solenoid, a repeated RF pulse of 110 ps length was run with the coil tuned to 3.563 MHz, 
on resonance, and the peak-to-peak voltage measured at intervals of 0.5 cm. 
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Figure 3.5: Solenoid of variable pitch, 18 turns with an inductance of approximately 9 pH. 
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Graph to show B1 field variation w. r. t. position of 
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Figure 3.6: Field strength in the variable pitch coil at various points along the coil axis. The end of the 
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Position of loop from midpoint of solenoid / cm 
Figure 3.7: Field strength in the standard pitch coil at various points along the coil axis. The end of the 
solenoid is marked by the red dotted line. 
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Graph to show BI field variation w. r. t. position of 
induction loop in a uniform pitch coil 
A comparison of the change in the B, field along the axis with variable pitch coil (figure 
3.6) with the standard coil (figure 3.7) shows a striking improvement. In the former, a 
range of only 5.3 % difference was observed in the field between the midpoint and the 
end of the variably pitched coil. Assuming the field is symmetrical (as the coil is, turn 
and spacing-wise) the field experienced by the sample is quite homogeneous. Even at a 
point 1 cm outside the solenoid the field was just 70 % of its full strength. In contrast, 
between the midpoint and the end of the standard solenoid there is a drop of nearly 30 % 
in field strength. Again, field symmetry is assumed following the symmetrical turn 
spacing of the solenoid. 
3.3.3 Temperature stabilisation 
Diurnal temperature fluctuations in the laboratory are known to be as large as f5C and 
this means there can be significant line shifts over the course ofa day. This is especially 
problematic in quantitative work as one useful signal measurement is the integrated 
intensity of the peak; with shifting lines it can be difficult to measure the area of the peak 
as overlapping signals and apparent broadening can occur. Temperature gradients across 
the sample also affect the linewidths, again giving unreliable area measurements. In 
order to obtain reliable data the probe should be thermostatted; this was done by setting 
the variable-pitch coil within a larger coil of plastic tubing, within the probe, through 
which flowed silicone oil pumped from a temperature controlled bath. This tubing, 
approximately 1.5 cm diameter was wound on a plastic bottle support to give a 
thermostatted coil of 7 cm diameter and 13.5 cm height, in which the NQR coil could be 
contained. 
A large stainless steel tin, height 20 cm and diameter 19 cm, was used to shield the NQR 
coil and surrounding tubing (figure 3.8a). An induction loop and the coil input/output 
were placed on the underside of the canister, with BNC connectors fitted. A further 2 
holes were made for the oil tubing to go through, with insulation tape being used to form 
a tight seal. The NQR solenoid was mounted on a piece of PTFE, which was attached 
internally to the underside also (figure 3.8c). The coil could be accessed for sample 
changing very easily via the lid. The samples were contained within the usual 5 cm by 
8.5 cm containers and held in place with a polystyrene stopper. A piece of polystyrene, 
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approximately 1.5 cm thick was also placed between the end of the coil and the lid, to 
minimize conduction of heat (figure 3.8d). 
The plastic tubing was lagged between the canister and the external connectors of the oil 
bath, which was set to 25 ± 0.1 C with a constant flow through the tubes for `room 






Figure 3.8: I he NQR probe and coil 'fi', clock%%ise from top left-; (a) first layer showing the temperature 
stabilization coil, (b) next the Q-damping coil mounted on a plastic cylinder, (c) down to the variable pitch 
coil mounted on a plastic tube in which the sample in placed. Finally (d) an internal photograph of the 




The quality factor (Q) of a coil is a measure of its ability to store energy. Conversely, the 
lower the Q value, the greater the damping - the wider the frequency bandwidth and the 
shorter the decay time. In damping Q the excess energy is dissipated by resistors, 
lessening ringdown and allowing shorter dead times, increasing signal-to-noise ratio as 
more of the signal can be accumulated. We recall that the Q of a coil is defined as 
Q=2; rvR (3.3) 
In practice, once a probe has been set up it is readily measured by finding the frequency 
range, d v, over which a voltage greater than 0.7* Vied is maintained when moving away 





The probe ring down time is 
Q (3.5) 
; rvQ 
and the dead time is defined by 
Q ln(AYAJ 
A td _ zr In( 
A l (3.6) 
Al 
QlJ 
Typically at 3.7 MHz, Ao (the initial voltage) is approximately 10 kV, At (the voltage aller 
the dead time) is around 1 µV, so 23 r, = tdapproximatcly. Following a design by Nigel 
Hunt at ERA Technology Ltd6, a Q-damping coil and circuitry (figure 3.9) were 
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constructed. The main circuitry (figure 3.1 Oa), which can be transferred for use with any 
Q-damping coil and frequency, and the capacitance and resistance box (figure 3.1 Ob), 
which can be varied accordingly, were housed in die-cast aluminium boxes, with BNC 
connectors for ease of use. In the capacitance box, screw-in connector blocks were used 
to enable the capacitors and resistors to be changed easily. 
The capacitances for C8 and C9 were calculated using the following equation: 
1 
2, z LC 
(3.7) 
The optimum values for resistors R16 and R17 were found using a potentiometer: in 
place of one of the resistors, a shorting link was inserted and a potentiometer was placed 
across the other. The resistance was adjusted, with the pulse shape monitored on an 
oscilloscope, until optimum damping was achieved. The potentiometer was then 
removed and the resistance measured. The value was then divided by two and the 
resulting values used for R16 and R17. 
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Figure 3.10a: The main Q-damping circuitry. Figure 3.10b: The separate cai1), icitanCe box (C8, C9, 
R16-R21). 
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47 S1 0.25 W metal film resistor. 
100 fl 0.25 W metal film resistor. 
10 k1Z 0.25 W metal film resistor. 
15 S2 0.25 W metal film resistor. 
R7, R8, R9, R10: 22 Q 0.25 W metal film resistor. 
R11: 10) 30 W Thin film resistor. 
R12, R13, R14, R15: 47 M 0.25 W metal film resistor. 
R16, R17: 25 S2 30 W Thin film resistor. 
R18, R19, R20, R21: 150 kQ 0.25 W metal film resistor. 
C1, C2: 220 nF 50 V dielectric ceramic capacitor. 
C3, C4: 2200 µF electrolytic aluminium capacitor. 
C5: 100 nF 50 V dielectric ceramic capacitor. 
C6, C7: 680 nF 50 V dielectric ceramic capacitor. 
C8, C9: 1000 pF + 330 pF (in parallel with each 1000pF) Silver mica 500 
V capacitors. 
D1: BZX85C6V2 6 V, 1.3 W diode. 
D2, D3: STTA806D T0220 diode. 
Q1, Q2: BUP35 High voltage NPN transistor. 
CM, CT: Matching and tuning variable capacitors. 
TTL Trigger: lower BAROUT module from Libra spectrometer. 
+12 V: Adjustable power supply (10 to 20 V) set at 12 V. 
MOSFET Driver: MC34152P 
The R1, R8, C7 and C2 (and corresponding R7, R9, C6 and CI) parts of this circuit 
ensure a smooth restoration of Q, decreasing the problem of voltage flares at the 'switch- 
off' point. 
Initially a damping coil of 4 turns (length 8 mm, radius 55 mm) was constructed and 
mounted on a length of solid plastic, which acted as a `stopper' at the base of the NQR 
coil. The damping coil was approximately 20 mm away from the end of the NQR 
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solenoid. Tuning was checked using a small induction loop placed at the end ofthe 
damper coil, and the required capacitance for C8 and C9 was found. Tests to measure the 
effectiveness of the Q-damper were carried out; these included monitoring the pulse 
shape using a pick up loop, measuring Q using a frequency generator and varying the 
dead time in a simple FID pulse sequence to see when breakthrough occurred. Although 
there was some effect, the results were not satisfactory: the damping coil may have been 
too far away from the solenoid field to couple well, a problem aggravated in this case 
because a variable pitch coil produces a sharper drop in field strength at each end of the 
solenoid than a standard coil. A Q-damping coil which would surround the coil was 
planned. The probe had been initially designed with temperature control in mind, for 
which purpose a tube containing silicon oil was mounted on a plastic cylinder, which was 
placed over the NQR coil. The damping coil was also mounted on this plastic cylinder, 
with the wire being placed between the turns of the oil tube (figure 3.8b). The damping 
coil had 7 turns, a length of 3.5 inches and radius 1.25 inches, giving a calculated 
inductance of 1.66 pH. The damping coil was approximately 10 mm away from the 
NQR coil. A hole was drilled in the side of the canister, through which Q-damping coil 
wires could exit to join the capacitance box. Greatly enhanced results were seen. Using 
a simple FID sequence before and after the Q-damping, the affect on dead time was 
impressive and easily observed: using the induction loop to monitor the pulses, the 
difference was clear between the Q-damped pulse and the undamped pulse (figures 3.11 a 
Figures 3.11 a and 3.11 b: An 80 µs pulse, monitored using an induction loop. (a) pre- and (b) post- 
damping at 3.787 MHz. Scale: each increment is 20 µs. 
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and 3.11 b). 
Prior to Q-damping, a 170 ps dead time was required to give a `clean' signal at 3.787 
MHz with no breakthrough following an 80 is, 90effpulse - with damping this was 
reduced to 20 is, giving great potential for zero time resolution7'8 measurements. Q- 
damping enables stronger signals to be observed, as more of the signal can be recorded in 
a shorter time, especially vital in cases of substances with short decay times. 
3.5 Pulse sequences and data processing 
Pulse sequence programming is carried out using the Tecmag supplied MacNMR 5.5 
software. The layout can be compared to that of a musical score with events numbered 
from 1 to infinity, like bars in music, and the different actions, such as delays, phase 
information, loop information, number of acquisition points and their dwell times and 
pulse lengths are programmed in at different bars. As well as programming the pulse 
sequence to be carried out, the MacNMR software allows the user to carry out a range of 
spectral analysis and data processing options, with those used in this research described 
below. 
3.5.1 Spectral analysis 
When the NQR signal is recorded the real, imaginary and magnitude intensities of the 
lines are plotted. Following the acquisition of the signal in the time domain the spectrum 
undergoes a sequence of processes before analysis. 
3.5.1.1 Baseline correction 
Firstly, the signal is baseline corrected; this removes any d. c. offset by calculating the 
mean over the last 12 % of the data and adjusting the spectra accordingly9. Badly defined 
baselines can also be a serious systematic error; the first FID points determine the 
baseline and an incorrect point, due for example to pulse breakthrough, can lead to a d. c. 
offset and a number of incorrect points will greatly affect the baseline and lead to 
`bowing' or `rolling'10. It is particularly important to ensure a true baseline in 
quantitative work, as will be discussed in chapter S. 
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3.5.1.2 Zero filling and digitisation noise 
Zero filling is another method of seemingly enhancing the resolution. If there are N data 
points in the time domain free induction decay, a further N zero points are added to the 
spectrum; twice the number of data undergoes Fourier transformation and SNR is 
increased by a factor of 2/. This increase in the number of points in the frequency 
domain improves definition, giving a smoother looking spectrum, the resolution of which 
is limited by the rate of acquisition of data and the dwell time of which the spectrometer 
is capable. In order to achieve as good a resolution as practical a short dwell time with 
respect to the total acquisition time is important. The Tccmag equipment can 
theoretically achieve 1 µs dwell times, but in practice 3 µs is the minimum used in signal 
acquisition. The process of converting a continuous analogue signal into discrete data 
points produces digitisation noise and the spectral resolution, i. e. dwell time, is important 
in its determination. Having achieved a time domain spectrum with the best possible 
conditions and applied the necessary signal processing techniques, Fourier transformation 
is carried out in order to visualise the NQR signal in the frequency domain. 
3.5.1.3 Fourier transformation 
Fourier transformation is an important tool in NMR and NQR. A wave can be seen 
graphically in two different ways; as a snapshot in time, viewing amplitude vs. frequency, 
or as amplitude vs. time - two different views of the same information. Fourier 
transformation is a function that allows us to translate one form into the other. The FID 
seen in NQR is directly seen as amplitude vs. time but is a combination of a number of 
frequencies. As well as the resonance frequencies there are noise frequencies and 
together all these form an interferogram. It is not easy to identify the dominant 
frequencies from the FID, so Fourier transformation is used to give us what are often 
Lorentzian peaks in an amplitude vs. frequency plot, so they can be easily observed. 
To convert the time domain data to the frequency domain the following equation is used 
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To convert information in the frequency domain to the time domain 
f (t) =2 JF(w)e'°'dco , 
it) (3.9) 
where f(w) is the Fourier transform of the time varying function J(t) and w is angular 
frequency. Equation (3.9) can be expanded to 
f(t) _f F(co)cos(wt)dcv+ fF(o)sin(wt)dco (3.10) 
and it becomes clear that the time dependent function can be seen as a sum ofa number 
of functions at varying frequencies, the most dominant of which we hope to be the NQR 
signal. 
A single RF pulse can excite a range of frequencies simultaneously, decreasing the time 
necessary to achieve an acceptable SNR. This is known as the Fellgett, or multiplex, 
advantage and the experimental sensitivity gained allows a reduction of ty' in the 
acquisition time compared to the use of a single, monochromatic excitation. 
Echo Fourier transformation allows Fourier transformation of an echo with the view that 
an echo is simply two free induction decays back-to-back. The beginning of the FID can 
be set at any defined point within the time domain signal. The default setting assumes 
the peak of the echo, and the start of the FmD, to be the midpoint of the time domain 
signal acquisition period, although this can be changed manually, depending on the pulse 
sequence and conditions. For ease of processing the 1 DFT command can be setup to 
baseline correct, zero fill, Fourier transform and phase adjust in one `click'. 
Fourier transformation does have its disadvantages; it is assumed the data runs to infinity 
whereas in practice there is a defined end time of acquisition. This is remedied by 
apodisation which smooths a spectrum that has a defined end point, that is to say, 
applying an apodisation function essentially lessens the `sharp edges' at the beginning or 
end of an event. This can help to reduce noise and give a sharper spectrum by removing 
the variation of signal on either side of the main peak. However, very weak signals could 
98 
be lost, and it is important to ensure that the acquisition time is long enough to record a 
full response. The apodisation function is carried out automatically as part of the 12 
Fourier transformation option in the MacNMR software. 
3.5.2 Pulse breakthrough 
Pulse breakthrough is an example of systematic noise. It is often due to ringdown but can 
also be caused by an underlying signal from the spectrometer. The ringdown 
breakthrough can be removed by lengthening dead time, introducing Q-damping 
circuitry, or removal of initial points in the time domain spectrum before Fourier 
transformation. Alternating the phases in the pulse sequence can remove any 
breakthrough due to current leakage which could otherwise dominate the Fourier 
transformed frequency domain spectrum. 
3.6 Double resonance quadrupole resonance techniques 
The apparatus and techniques described above are used for what is known as pure or 
zero-field NQR. However, there are a number of different double resonance methods 
which can be utilized in NQR spectroscopy. Double resonance methods are more 
complicated than `pure' NQR but can bring advantages not present in zero-field 
experimentation, in particular because there are at least two spin systems, their 
interactions can bring enhancements which would not be seen in a single system 
experiment. Double resonance experiments can be particularly useful when faced with a 
material of which the NQR frequencies are unknown, especially if the signals are thought 
to be weak. They provide a easier frequency searching by estimation of the zero field 
NQR frequency from a fixed frequency high-field NMR spectrum. Double resonance by 
level crossing (LC) and cross relaxation (CR) NQR are two methods in which the high- 
field spin-1/2 'H signals are measured. They are briefly discussed below, as these 
techniques were used in this work by Drs. Anthony Horsewill and David Stephenson's 
research group, polarisation-enhanced NQR (PE-NQR), in which the quadrupolar nuclei 
signals are measured, will be discussed in chapter 8. 
In this field-cycled technique the non-quadrupolar spin-'/2 (usually Ali) spin system 
undergoes polarization in a high magnetic field; as the field is cycled to zero, at level 
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crossing the 1H magnetisation is transferred to the quadrupolar nuclei (e. g. 14N) giving an 












Figure 3.12: NMR sequence used in double resonance experiments. 
3.6.1 Double resonance by level crossing 
In double resonance by level crossing13 (DRLC) experiments the sample under 
investigation is first placed in a large magnetic field; the polarising field Bpoi is typically 
around 1 Tesla and polarisation times can be up to a minute or more to allow the 1H spins 
to reach an equilibrium temperature with the lattice. Level crossing occurs as the sample 
passes from high to low field where the Zeeman splittings equal the quadrupolar 
splittings. Following this, the nuclei are irradiated in zero field with RF radiation. Level 
crossing occurs once more as the sample experiences the increasing field. The proton 
response is then measured back in high field; the NMR observation field Bn, , is set lower 
than the polarizing field and corresponds to a proton NMR frequency. The presence of 
quadrupolar nuclei is observed when level crossing has taken place; energy gained by the 
quadrupolar nuclei in low field is transferred to the protons which results in a loss of 
signal in high field. As the frequency is swept across the region of interest minima are 
observed corresponding to quadrupole resonance frequencies in zero field. 
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3.6.2 Double resonance by cross relaxation 
Cross-relaxation14 (CR) NQR is a non-irradiative technique; in these experiments, Bnmr is 
equal to B, j, both being supplied by a permanent magnet. The sample is polarised in 
high field, and the 'H NMR signal is then recorded. The sample is then transferred to the 
cross-relaxation field. At this point the spins reach a common spin temperature during 
the cross relaxation time. No RF radiation is applied; relaxation occurs at a rate which is 
influenced by both the proton and quadrupolar spin-lattice relaxation rates. The CR 
spectrum is achieved by stepping Br between successive III NMR signals in the region 
of interest (the range in which the quadrupolar frequencies are expected to be found). 
Dips are seen in the cross relaxation spectrum, corresponding to losses in the proton 
signal. The frequencies at which these dips occur are shifted from the pure, zero field, 
NQR frequencies due to Zeeman effects, although this can be corrected for, and the lines 
are also broadened. Sensitivity is increased when the quadrupolar spin-lattice relaxation 
time is much shorter than that of the protons. 
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Furosemide (7) was chosen as a sample material to be studied as it is a currently 
produced diuretic widely used in the treatment of hypertension'; it exhibits 
polymorphism, existing in several crystal forms, containing two abundant quadrupolar 
nuclei, 14N and "Cl with three quadrupolar environments with potential for analysis 
within each molecule -a sulfonamide group, a secondary amine and the chlorine atom 
attached to a benzene ring. Chlorine signals have been reported at 77 K2 but not 
extensively studied prior to this work. Furosemide tablets, manufactured by Hoechst 
Marion Roussel and marketed as Lasix®, are available in 20 mg, 40 mg and 500 mg 
doses and the pure powder can be purchased from Sigma and generally used without 
further purification. The objectives of this work were to characterize the 
'4N and "Cl 
signals in furosemide powder; to observe signals from furoscmide tablets and record any 
changes in the corresponding powder signals; to find at least one NQR signal in a 
polymorph of furosemide and to demonstrate the ability to distinguish between 
polymorphs using NQR. 
4.2 X-Ray crystal structure 
Previous publications3'4 have reported a number of forms of furosemide, four crystal 
phases, two solvates (DMF and dioxan) and one amorphous form. The x-ray crystal 
structures have been published for furosemide phases IS and 116.7, although the two phase 
II structures were found to have seemingly different unit cells. however, when the 
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triclinic cell dimensions reported in the two papers are properly reduced, to give angles of 
less than 90 °, both papers have similar values: 
abcaßy 
[6]: 5.251 8.771 15.038 78.23 89.05 82.43 
[7]: 5.234 8.751 14.982 77.43 89.10 84.41 
. Some structural data can be found in the literature regarding the other forms3.4 
The form of furosemide used medicinally, and the most stable, is obtained in the 
laboratory by recrystallisation from acetone and will be referred to as phase I. The 
triclinic crystals of phase I furosemide have the space group PT and Z= 45 and two sets of 
14N signals are expected, one from the secondary amine and the other from the 
sulfonamide nitrogen, both of which should be doublets. 
4.3 14N Phase I furosemide quadrupole resonance experiments 
4.3.1 Cross relaxation 
As no 14N NQR data had been published for this material, prior to the start of this work, 
an initial cross relaxation experiment was carried out by David Stephenson at the 
University of the West Indies. Approximately 1 gram of phase I furosemide powder was 
used with the following experimental conditions; room temperature pneumatic transfer 
from high field (1H frequency of 20.10 MHz - permanent magnet of 0.472 T) to cross- 
relaxation field stepped from 0 to 4700 kHz in 4.58 kHz increments with time at high 
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Figure 4.1: Furosemide phase I cross relaxation spectrum, the sum of 7 spectra, with the horizontal axis 
being approximate frequency (kHz). 
The 14N cross relaxation spectrum (figure 4.1) showed some evidence of doubling as 
expected. The pronounced dip around 3.6 MHz is most likely due to the '4N nuclei of the 
sulfonamide group. Based on these data a search for the 14N NQR frequency in zero field 
was conducted around this region. 
4.3.2 Furosemide 14 N frequency searching. 
4.3.2.1 Experimental set-up with HMX as a surrogate material 
A pulse spin locking echo (PSL) sequence was run using the explosive IIMX (1) as a 
surrogate material, as it has a similar NQR frequency, 3.62 MHz8, with a strong signal 
which is usually easily observed. A 170 g sample of HMX was placed in coil A and the 
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Amplifier Research 1000 Watt amplifier, a Tecmag NQRkit and a Tecmag Libra-F12 
spectrometer were used together with the standard equipment at room temperature. 
/ NO2 
Event 
Pulse / µs 40 
Acquisition 128 points / 10 µs dwell time 
Final Delay / ms 100 
No. of scans 5000 
Frequency / MHz Variable 
Table 4.1: HMX and Furosemide frequency search PSL pulse sequence. 
An echo was observed for HMX using a PSL sequence with the above settings and, 
following this, furosemide experiments were begun. 
4.3.2.2 Search for "N signal from phase 1 furosemide around 3.6 MHz 
Following the observation of a signal at 3.623 MHz from IHMX, the same conditions 
were to be used to search the radiofrequency range between 3.500 and 3.620 MHz, in 
steps of 0.005 MHz, with the probe tuned to within 11 kHz. Approximately 56 g of 
phase I furosemide powder was densely packed into a lidded plastic cylinder, 5 cm in 
diameter by 7 cm in height, and the sample was placed in the RF coil at room 
temperature. All apparatus was as used above. The experiment was conducted at room 
temperature, with a diurnal variation off 5 K. The spin-lattice relaxation rate was 
unknown at this point so a sufficient recovery time between scans was required to allow 
for a long T1. 
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Figure 4.2: Furosemide (Sigma powder) '4N room temperature signal in the time domain; 10 summed 
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Figure 4.3: Doublet peak from furosemide (Sigma powder), Fourier transform of figure 4.2 with doublet 
frequencies 3.5636 and 3.5612 MHz, splitting approximately 2350 Hz. 
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Furosemide doublet peak around 3.562 MHz 
An echo signal was observed following excitation at 3.562 Mllz (figure 4.2) and on 
Fourier transformation of the signal a doublet of splitting 2.35 kHz was seen, confirming 
that the sample was the triclinic phase I furoscmide. Using the above PSL multiple echo 
sequence, the pulse conditions were optimized; a Bessel plot was created covering a pulse 
width range of40 - 240 µs in 20 µs increments. 
The "90cn" pulse was found to be 180 µs. This pulse width was then used in subsequent 
experiments under the same hardware conditions. 
4.3.3 Characterising the 3.563 MHz doublet (upper line) 
4.3.3.1 Ti 
Going on to characterize this line, an inversion recovery sequence with multiple echoes 
was used to find the spin-lattice relaxation rate, Ti, of the 3.563 MHz14N signal (the 
higher frequency line in the doublet) in phase I furosemide powder at room temperature 
under with the following conditions. Determining T, would allow the optimum setting of 
the time between scans, ensuring that no signal was loss due to insufficient recovery time 
and excessive experimental times were not used from over estimation of recovery time. 
Event 
90efPulse / is 180 (Phase 0202) 
Dead time Variable - 15 points from 1 to 60 ms 
Acquisition 128 points / 10 ps dwell (Phase 0202) 
Final delay / ms 50 
No. of scans 10000 
Excitation frequency 3.563 MHz 
Table 4.2: Furosemide inversion-recovery pulse sequence settings. 
This was repeated 5 times, with all values within the range from 5 to 9 ms; the best plots 
(i. e. a smooth curve with initial negative intensity values) at room temperature found Ti 
to be approximately 7±2 ms (figure 4.4). 
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Figure 4A: Furosemide (Sigma powder) T, plot at 25°C; 3.563 MHz. 
43.3.2 T2 
T1, the spin-spin relaxation time, was found using a Hahn echo sequence. Following a 
Bessel plot to determine 90, ff pulse width the subsequent pulse sequence was conducted 
using the Tecmag NQRkit, the Tecmag Libra-FTR spectrometer, a 150 Watt Amp UK 
driver unit supplying a 1500 Watt Amp UK linear amplifier at room temperature with an 
incident frequency of 3.563 MHz: 
Event 
Pulse / µs 130 (Phase 0202) 
Dead time Variable - 15 points from 1 to 10 ms 
Acquisition 128 points / 10 µs dwell (Phase 0202) 
Final delay / ms 60 
No. of scans 80000 
Excitation frequency 3.563 MHz 
Table 43: Furosemide Hahn echo pulse sequence settings. 
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T2 values were found to be short, the mean value was 1.95 ± 0.32 ms (figure 4.5). 
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Figure 45: Phase I furosemide room temperature T2 plot; T2 a 1.95 ± 0.32 ms. 
4.3.3.3 Tee 
The TIe values were calculated to give an idea of the sustainability of the echo train, an 
important factor in the feasibility of real life applications. The experiment was carried 
out 3 times using the following PSL sequence at room temperature at 3.563 MHz 
Event 2r= 1.49 ms 
Pulse / µs 110 
Acquisition 128 points / 10 µs dwell time 
Final Delay / ms 100 
No. of scans 5000 
Frequency / Mliz 3.563 
Table 4.4: Furoscmide 2r-1.49 ms T; e pulse sequence settings. 
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Room temperature T2 e, plot for furosemide phase I; 2T= 
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Figure 4.6: Furosemide Phase I; 3.563 MHz line echo peak magnitude points for 2 r=1.49 ms Tee - 11.30 
± 0.10 ms, fitted to an offset single exponential plot as the curve does not tend to zero. 
Only a short echo train -5 echoes - could be sustained (figure 4.6) before the signal was 
drowned by noise. A good exponential fit ideally requires more points, though a rough 
fit could still be applied - Tee was found to be 11.30 ± 0.10 ms for a2 rvalue of 1.49 ms. 
In these cases the errors are calculated to indicate the Tee range from 3 experiments. As 
the plot did not tend to zero; an offset was present, which may be due to very short 
relaxation times, and so an offset exponential curve was fitted. 
4.3.3.4 T2 
T2* was also calculated for phase I at room temperature by fitting half an echo, obtained 
by a PSL sequence, to an exponential curve with the equation 
il! = exp(1/T2*) (4.1) 
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The PSL pulse sequence settings were as follows: 
Event 
Pulse / µs 110 
Acquisition 128 points / 10 µs dwell time 
Final Delay / ms 100 
No. of scans 30000 
Frequency / MHz 3.563 
Table 4.5: Furosemide Ts* pulse sequence settings. 
The time domain plot was then exported as a text file and the second half of the echo was 
plotted in Excel before equation (4.1) was fitted. 
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Figure 4.7: T2* exponential curve for room temperature phase I furosemide; T2* - 0.10 ± 0.02 ms; 3.563 
MHz. 
T2* was found to be 0.10 ± 0.02 ms (mean) for phase I of furosemide (figure 4.7). The 
error was calculated from the results of 3 experiments. 
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4.3.4 Observation of 14N signals in furosemide tablets 
Furoscmide tablets, manufactured by Hoechst Marion Roussel, were provided by Dr. 
Gareth Pearce, of Merck Sharp and Dohme. The 20 mg and 40 mg Lasix® tablets each 
consist of approximately 25 % furosemide by weight, the other ingredients being lactose, 
maize starch, talc, magnesium stearate and colloidal silicon dioxide9"0. The 500 mg 
tablets contain approximately 71 %f irosemide by weight, the other ingredients being 
maize starch, lactose, colloidal silicon dioxide, ultraamyl pectin, talc, cicema, magnesium 
stearate and quinoline yellow". The tablets to be tested were placed in lidded plastic 
cylinders, 5 cm in diameter by 7 cm in height, with a sample fill depth of 5.5 cm. There 
was an insufficient quantity of the 20 mg and 40 mg tablets to fill a container and as they 
contain the same percentage of furosemide, were tested together. 559 20 mg and 395 40 
mg tablets were used in one sample cylinder, with the overall mass of furosemide present 
being 26.98 g. 146 500 mg tablets filled a plastic cylinder of the same dimensions with 
the total furosemide mass being 73.00 g. 
A multiple echo pulse spin-locking (PSL) sequence was used, as previously, to observe 
echo signals in tablets. The following settings were used with the Tecmag NQRkit, the 
Tecmag Libra-FTR spectrometer, a 150 Watt Amp UK driver unit supplying a 1500 Watt 
Amp UK linear amplifier: 
Event 
Pulse / µs 
Acquisition 
Final Delay / ms 
No. of scans (20 + 40 mg/ 500 mg) 
Frequency / MHz 
Table 4.6: 
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128 points / 10 is dwell time 
50 
100000 / 50000 
3.563 
PSL pulse sequence settings. 
The echoes generated were baseline corrected, phase adjusted and echo Fourier 
transformed to give signals in the frequency domain (figures 4.8,4.9). The doublet 
structure can be seen in each case with no change in the peak frequencies or splittings, 
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Figure 4.8: Fourier transformed '4N signal from phase I furosemide; 559 20 mg and 395 40 mg tablets at 
room temperature with doublet frequencies 3.565 and 3.562 MHz. 
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Figure 4.9: Fourier transformed '4N signal from phase I furosemide; 146 500 mg tablets at room 
temperature with doublet frequencies 3.565 and 3.562 MHz. 
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3540000 3560000 3580000 3600000 
Frequency / Hz 
peaks at 3.564 and 3.561 MHz, verifying that we have phase I in both cases. The signal to 
noise ratio increased with increased percentage of furosemide, as expected. 
4.3.5 Variable temperature furosemide T, and frequency measurements 
As discussed in chapter 2, temperature effects are of great importance in NQR and 
knowing the temperature coefficient for a substance is a necessary characterization for 
real-world applications, as well as being of scientific interest and completion of an 
analysis. A JulaboTM oil bath and circulator were used to provide a thermostatic 
environment at known temperature. However, the cooling system is held underneath the 
oil chamber, separated by a metal base which could lead to a temperature gradient 
through the sample when the stainless steel canister, the RF shield surrounding the coil, is 
placed on it, due to conduction through the cold metal. To counteract this problem a 
small plastic coated mesh stand was made on which the probe rests, to ensure poor 
conducting contact between the base and the probe. Together with the circulator, this 
should ensure a more even temperature throughout the oil bath and less temperature 
gradient across the sample and therefore less broadening of the signal. A one inch thick 
polystyrene `lid' was placed over the bath to insulate the system from the surrounding 
environment. 
4.3.5.1 Temperature coefficient of 14N phase I furosemide signal 
The oil bath was set to the desired temperature and the probe left to thermally equilibrate 
for at least 15 hours. The probe was retuned and the incident frequency optimised at each 
temperature; running a PSL echo sequence, then Fourier transforming the signal gave the 
frequencies of the doublet peaks and the incident RF was set to be at approximately the 
mid point. A range of temperatures between 278 and 318 K were set and at each 
temperature the '4N quadrupole resonance frequency was recorded. The frequency 
values were taken from the doublet peaks yielded from Fourier transformation of the 
echo, generated by a PSL sequence with the below settings: 
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Event 
Pulse / µs 130 
Acquisition 128 points / 10 µs dwell time 
Final Delay / ms Variable; dependent on temperature. 
No. of scans Variable; dependent on temperature. 
Frequency / MHz Variable; dependent on temperature. 
Table 4.7: Furosemide PSL pulse sequence (determination of temperature coefficient). 
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Figure 4.10: Frequency (Hz) vs. temperature (K) graph from the 14N signal in phase I furosemide (Sigma) 
powder where the blue points and purple points are the higher and lower frequency peaks of the doublet 
respectively. 
Figure 4.10 shows the peak frequency clearly decreasing with increasing temperature. 
The correlation is linear above 298 K, with a temperature coefficient of approximately 
0.9 kHz K-' between 298 and 318 K for both lines. At lower temperatures, where the oil 
bath was not so reliable, the gradient decreases; however, the trend towards increasing 
frequency with lowering temperature is still clear. However, these points do not 
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convincingly show a linear correlation across this range of frequency with temperature. 
Ideally, these experiments could be repeated over a wider range with a better temperature 
control system than that which was used (Probe A submerged in an oil bath - it was later 
found that low temperature values, 278 and 288 K, may not be reliable as it was 
subsequently realized that the oil bath used was unable to maintain a constant even 
temperature below room temperature, with fluctuations of up to 15 °). Such results could 
confirm a linear or quadratic relationship. Also, the splitting of the doublet varies across 
the temperature range and perhaps higher frequency resolution spectra together with 
improved experimental conditions could give more insight. 
As can be seen from the Fourier transformed signals at 278 K (figure 4.11 ) and 308 K 
(figure 4.12) the peaks seem to be broadened at the higher temperature and can be 
observed more easily due to an increase in the line splitting. Further work, characterizing 
the lines could confirm this broadening by finding T2* values for both peaks of the 
doublet at the varying temperatures. 













3520000 3540000 3560000 3580000 3600000 
Frequency / Hz 
Figure 4.11: Fourier transformed '4N signal from phase I furosemide (Sigma) powder at 278 K; doublet 
peaks at 3.574 MHz and 3.571 MHz. 
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Fourier transformed 14 N signal from furosemide powder 













Figure 4.12: Fourier transformed '4N signal from phase I furosemide (Sigma) powder at 308 K; doublet 
peaks at 3.556 MHz and 3.550 MHz. 
As the signal is a doublet there is a T, value for each peak; at some temperatures the 
peaks are clearly distinguishable, if however they have different temperature coefficients 
or there is line broadening and they begin to coalesce, a true Ti may not be established as 
the recovery is unlikely to be a single exponential. 
4.3.5.2 The effect of temperature on spin-lattice relaxation rate 
The T, values were found using inversion recovery with pulse spin locking (PSL) 
sequences with inversion-recovery to sample the signals. The recovery was fitted to a 
single exponential function and T1 calculated, as detailed in chapter 2. 
A number of different pulse programs were used, varying delay tables and time between 
scans as necessary to accommodate different T, values at different temperatures. The RF 
frequency was also varied according to temperature. 
The following settings were used: 
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Event 
90c,,,, Pulse / µs 
Dead time 
Acquisition 
Final delay / ms 
No. of scans 
Excitation frequency 
130 
Variable 15 points from 0.2 to 80 ms 
128 points / 10 p. s dwell (Phase 0202) 
60-80 
80000 
3.540 - 3.575 MHz depending on temperature 
Table 4.8: Furosemide tablets inversion-recovery pulse sequence settings to determine T, across a 
temperature range. 
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Figure 4.13: Ti (ms) vs. Temperature (K) graph from the '4N signal in phase I furosemide (Sigma) powder; 
the blue diamonds and the pink squares are the higher and lower frequency peaks of the doublet 
respectively. 
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Figure 4.13 shows how Ti changes with temperature over the range of 278 to 318 K. 
There is not a clear linearity to the graph, although Tj does seem to increase with 
increasing temperature with a small temperature coefficient. T, may have a minimum 
around 280 K although this is not clear. Further study with a better temperature 
controlled system is needed. 
The shape of the Ti vs. temperature graph can give an indication of the relaxation 
mechanisms occurring within the material; the drop in T1 with decreasing temperature 
suggests a dipolar relaxation mechanism and the observation of a minimum, if verified, 
together with an activation energy, would enable a more specific assignment of the 
relaxation mechanism to be made. Unfortunately there was little change in Ti over the 
temperature range studied - less than 10 ms change over 30 ° with large errors. Ideally, 
further Tj values at low temperatures, in a reliable thermostatic environment, need to be 
measured. 
4.3.6 Observation of "N signal in phase I furosemide powder around 2.6 MHz 
An echo signal was generated following an excitation frequency of 2.600 MHz, observed 
by Dr. Michael Rowe at room temperature12 (figure 4.14); this is in accordance with the 
dip observed in this region in the cross relaxation spectrum (figure 4.1). A doublet with 
peak frequencies of2.604 and 2.599 MHz (figure 4.15) was seen after Fourier 
transformation of the echo produced. Pulsed NQR echo summing techniques were used 
and again T1 was found to be short, less than 10 ms. 16 sequential echoes were generated 
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Figure 4.15: Phase I furosemide (Sigma) powder signal in the frequency domain. Doublet observed with 
peak frequencies 2.604 and 2.599 MHz; room temperature, 2.600 MHz excitation frequency. 
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Figure 4.16: 16 sequential echoes; signal from phase I furosemide (Sigma powder) at room temperature; 
2.610 MHz excitation frequency, 70252 scans, 2 r= 0.4 ms. 
4.4 Investigating a second phase of furosemide 
4.4.1 Phase 11 furosemide 
In order to show the ability to distinguish between polymorphs, the characterisation and 
study of a second form of furosemide was undertaken. Phase I is the form studied in the 
previous section; it is the most stable phase, with all other forms undergoing transitions to 
phase I under certain stress conditions3; phase 11 was the most feasible form for study 
with crystal structures having been reported 6 7. Phase 11 was also chosen for ease of 
manufacture and although phase 11 transforms to phase I under high humidity it was 
hoped that the crystals would decompose slowly enough to allow analysis and 
characterization using nuclear quadrupole resonance. 
4.4.2 Preparation of phase II furosemide 
The method of slow recrystallisation was used to produce forms (I) and (11), as named 
and prepared by Matsuda and Tatsumi3, using acetone and I -butanol respectively. 
Forms 
(1) and (11) prepared by Matsuda and Tatsumi were clearly distinguishable by crystal 
morphology with form (1) being hexagonal tabular crystals, whilst form (II) is 
characterised by long needle-like crystals. Initial rough recrystallisations produced a 
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powder-like phase I and small fibre like crystals of'phasc ll. It was noted that in both 
acetone and butanol, furosemide powder has a low temperature coefficient with regard to 
solubility. 
In order to obtain a crystal large enough to be studied by X-ray crystallographic 
techniques, a small-scale, slow-cooled, recrystallisation was carried out. Approximately 
60 cm; butan- I -ol was heated to approximately 70°C in a Schlenk bottle and phase I 
furosemide powder, purchased from Sigma, was added to saturation point. The mixture 
was seeded by the addition of two small crystals of previously produced polymorph (11) 
and the bottle was wrapped in an insulation jacket; many layers of tissue paper were 
shaped into a cylinder and held together with sticking tape to give an approximate 
thickness of 1 cm. The top of the jacket was covered with further tissue paper and a 
polystyrene cover was placed over the apparatus. The solution was left on the heating 
plate at 35- 40 °C for 3 hours, then left on the turned-off plate overnight. The heating 
plate was turned on at 35 °C for a further 7 hours, then off for 22 hours, then on for 3 
hours, then off for 16 hours before the liquid was decanted off and the crystals left to dry 
in air on filter paper. The fine strands produced were approximately 1 mm in diameter 
and varied in length between I and 2 cm. The long strands grew dendritically, from the 
base of the flask, to give a spiky cluster (figure 4.17). 
Figure 4.17:: \ , lutci Ol turu, rnuRtc pha, e 11 rr"t: tk. rrrr\ stalliscd ti-um hutanal. 
Although the long needles appeared to be single crystals, on microscopic inspection it 
could be seen that most were bundles of two or more very fine needles. In order to 
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ascertain whether they would be suitable for further structural study they were viewed 
under a polarising microscope; the refracted light from a true single crystal varies in 
intensity between very strong and zero when rotated between crossed Polaroid filters. 
Once a suitable single crystal had been found and isolated it was given to Professor 
Stanley Nyburg at King's College for X-ray analysis. 
The two publications 6'7 reporting furosemide structures different to that characterised by 
Lamotte5 were reduced to standard angles, as demonstrated earlier, and both report the 
space group to be PT and Z= 2, hence the two molecules are equivalent, related through a 
centre of symmetry, and a singlet peak 14N NQR signal would be expected. This 
published data is in agreement with the X-ray work performed by Professor Stanley 
Nyburg at King's College London, on the above single crystal of phase II furosemide. 
The phase I polymorph also has the same space group PT but with Z=4 and two 
molecules in the repeat unit yields doublets in NQR, giving us a clearly defined and 
attributable method of distinguishing between the two polymorphs. The only problem in 
this method is that in some conditions the doublet may not be resolved, although 
knowledge of linewidths and temperature coefficients could help in such a circumstance. 
A large scale recrystallisation of furosemide using butanol was performed to produce a 
quantity of polymorph II suitable for NQR testing. Approximately 65 g of commercial 
furosemide powder was dissolved in 2L of hot butanol. The solution was left to cool for 
4 hours. The rccrystallised furosemide was then recovered using a Buchner funnel and 
left to dry in air for 36 hours. 54 g of polymorph II was then placed in a cylindrical 
plastic container, 5 cm diameter by 7 cm height, sample depth 5.5 cm. This sample was 
used to begin phase II NQR testing. 
4.4.314N nuclear quadrupole resonance experiments 
An initial cross-relaxation spectrum by David Stephenson on polymorph II showed 2 
peaks assigned to vo at 910 kHz and v. at 2500 kllz with a weaker dip at 3500 kI1z; 
frequencies which are lower than the corresponding lines in polymorph I (990 kIlz, 2620 
kHz and 3563 kHz). Assuming a similar lowering in frequency for the v+ line, beginning 
at 3350 kHz a search for the upper line in polymorph II was carried out with intervals of 
5 kHz, using a pulse spin locking echo sequence with settings as below: 
124 
Event 
90eff Pulse / µs 130 
Acquisition 128 points / 10 µs dwell time 
Final Delay / ms 50 
No. of scans 30000 
Frequency / MHz Variable 
Table 4.9: Furosemide phase II PSL pulse sequence settings. 
A signal was found at 3422 kHz, 141 kHz below the corresponding polymorph I line at 
room temperature (figures 4.18,4.19). As expected from the crystal space group, the 
signal is a singlet, clearly distinguishing it from the corresponding line in phase I. The 
90eff pulse width was established experimentally and the pulse sequence was optimised. 
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Figure 4.18: 10 summed echoes; 14N signal in furosemidc phase 11 at room temperature, 3.422 MHz. 
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Figure 4.19: Frequency domain 14N singlet signal from room temperature furosemide phase Il. 
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4.4.3.1 Phase II furosemide cross relaxation spectrum 
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Figure 4.20: Furosemide phase II cross relaxation spectrum, a sum of 16 spectra, with x axis being 
approximate frequency (kHz). Time at high field magnet, rp =5s, time at low field, ro = 80 ms. 
Further double resonance spectra were run by David Stephenson on polymorph (II) with 
the conditions as those for phase I testing and with smoothing and damping -a number of 
clear peaks could be seen (figure 4.20). On repetition of the experiment reproducible 
peaks were seen around 750 and 900 kHz, 2400,2500,2610 and 2750 kHz and 3200, 
3250,3450 and 3570 kHz; peaks for both the sulfonamide nitrogen and the secondary 
amine nitrogen. Later experiments indicated that the recrystallised phase 11 was 
degrading over time, so the `extra' peaks at 900,2610, and 3570 kHz may be due to 
phase I furosemide. 
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4.4.3.2 Characterising the 14N 3.422 MHz signal 
4.4.3.2.1 T1 
The spin-lattice relaxation rate, T1, of the 3.42 MHz signal at room temperature was 
found using an inversion recovery with pulse spin-locking sequence (figure 4.21). 
Event 
90eff Pulse / µs 130 
Dead time Variable 12 points from 1 to 50 ms 
Acquisition 128 points / 10 µs dwell 
Final delay / ms 50 
No. of scans 10000 
Excitation frequency 3.422 MHz 
Table 4.10: Furosemide phase II inversion recovery pulse sequence settings. 
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Figure 4.21: T, graph from the 14N signal from phase II furosemide at room temperature. T, - 10 ±1 ms; 
3.425 MHz. 
128 
T, was found to be 10 ±1 ms. This is comparable with the value determined for phase I 
(7 ms ±2 ms), indicating that spin-lattice relaxation may occur via the same process in 
both forms. 
Variable temperature work was not carried out on phase 11 furosemide due to both time 
restrictions and stability issues. 
4.4.3.2.2 T2 
T2, the spin-spin relaxation time, was found using a Hahn echo sequence. The 
subsequent pulse sequence settings were used at room temperature: 
Event 
Pulse / µs 
Dead time 
Acquisition 
Final delay / ms 
130 (Phase 0202) 
Variable - 15 points from 0.2 to 10 ms 
128 points / 10 ps dwell (Phase 0202) 
60 
No. of scans 80000 
Excitation frequency 3.563 MHz 
Table 4.11: Furosemide phase II pulse seauence. 
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Figure 4.22: Phase 11 furosemide room temperature T2 plot; T2 = 1.02 ± 0.08 ms. 
T2 was found to be short; the mean value over three experiments was 1.02 ± 0.08 ms 
(figure 4.22). This almost half that of phase I (which was found to be 1.95 ± 0.08 ms). T2 
is a characteristic value of a compound which is determined by dipole-dipole interactions; 
the different values found for polymorphs I and II indicate the different environments 
present in the two polymorphs and are another experimental way of distinguishing 
between them using NQR when observed together with the frequency change. 
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4.4.3.2.3 Tee 
The experiment was carried out 3 times using the following PSL sequence settings to 
determine Tee: 
Event 
Pulse / µs 
Acquisition 
Final Delay / ms 
No. of scans 
Frequency / MHz 
2r= 1.49ms 
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Table 4.12: Furosemide phase 11 7. e pulse sequence (2 r-- 1.49 ms). 
Room temperature T2 e plot for furosemide phase II; 2T = 
















Figure 4.23: Furosemide phase II; 3.425 MHz line echo peak magnitude points for 2 z= 1.49 ms; the 
continuous line is a single exponential fit with T_e - 5.5 f 1.0 ms. 
Similarly to phase I, only a short echo train could be sustained before the signal was 
drowned by noise. A good exponential fit ideally requires more points. 7. e was found to 
be 5.5 ±I ms (mean), for a2 rvalue of 1.49 ms approximately half that of phase I 
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iL3400I0 
Time / ms 
furosemide for which a value of 11.30 ± 0.10 ms was determined. The errors are 
calculated from the T, e range after 3 experiments. 
4.4.3.2.4 T2* 
Again T2* was calculated at room temperature by fitting half an echo, obtained by a PSL 
sequence, to an exponential curve with equation (4.1) 
The pulse sequence used had the following settings: 
Event 
Pulse / µs 50 
Acquisition 128 points / 10 is dwell time 
Final Delay / ms 100 
No. of scans 30000 
Frequency / MHz 3.422 
Table 4.13: Furosemide phase 11 T, * pulse sequence settings. 


















IL nnlj VA 
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 
Time / ms 
Figure 4.24: T, * exponential curve for room temperature phase 11 furosemide: T, * = 0.11 ± 0.03 ms; 3.422 
MHz. 
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T2* was found to be 0.11 ± 0.03 ms (mean). The errors arc calculated from the results of 
3 experiments. This is very similar to the T2* of phase 1 (0.10 ± 0.02 ms) 
4.4.4 Comparison of phase I and phase II 14N room temperature data 
Phase I furosemide Phase 11 furoscmide 
Frequency 3.5636 and 3.5612 MHz 3.422 MHz 
Multiplicity Doublet Singlet 
T, 7±2 ms 10± l ms 
Tee (2 r= 1.49 ms) 11.30 ± 0.10 ms 5.5 ± 1.0 ms 
T2 1.95±0.32ms 1.02±0.08ms 
T2 0.10 ± 0.02 ms 0.11 ± 0.03 ms 
Lorentzian linewidth 3.18 kHz 2.89 kHz 
Table 4.14: Furosemide phase I& II; comparison of measured NQR values. 
In the case of furosemide the most important factor in identifying a polymorph using 
NQR is the frequency and the most important values in determining the optimum 
experimental conditions in any case are the spin-lattice relaxation rate and the Tee value, 
which determine how fast the scans can be repeated and how long an echo train can be 
sustained respectively; these characteristics differ between the 2 phases of furosemide 
which we have studied, together with the T2 relaxation rate. 
To summarise, differentiating between the two furosemide polymorphs using NQR is 
straightforward, with clear differences being immediately observable, even by the 
untrained eye. Production of a doublet around 3.56 MHz clearly indicates the presence of 
phase I, while a singlet at the lower frequency of 3.42 MHz shows phase II is present. 
Furthermore, in confirmation of this, the change in multiplicity is as expected from the 
crystal structure. The difference in frequency is presumably due to the change in 
environment around the quadrupolar nuclei - again an expected change which shows the 
sensitivity of NQR as an analytical technique. 
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4.5 3SCl furosemide signals 
Having shown that '4N NQR can be used to distinguish between furoscmidc polymorphs, 
we hoped to similarly characterise and analyse chlorine signals in the various forms of 
furosemide. Chlorine signals are generally at much higher frequencies than nitrogen 
signals and are usually stronger, requiring smaller RF coils and therefore smaller volumes 
of material. Even with fewer nuclei being excited, a peak with a good signal-to-noise 
ratio can be acquired in a fairly short time in many cases, allowing fast analysis, detection 
of small amounts and the possibility of single tablet experiments. 35CI signals have been 
reported from phase I furosemide at 77 K at a frequency of 36.579 MIIz, with no mention 
of the doublet structure2 as would have been expected from the crystal structure at room 
temperature. 
4.5.1 Phase I studies: finding the 35C1 signal 
The search for the "Cl line in phase I furosemide at room temperature was begun around 
the frequency reported by Latosinka using a 3.5 g powder sample, obtained from Sigma 
and used as received. A PSL echo sequence was used searching downwards in frequency 
from 36.50 MHz in steps of 0.01 MHz. As discussed above and in chapter 2, a smaller 
solenoid than those used for 14N work is required, and solenoid C was used together with 
the NMRkit, a frequency generator and the Amplifier Research amplifier as discussed in 
chapter 3. Solenoid C was constructed from 2 mm copper wire, supported on PTFE 
tubing, consisting of 5 turns with a diameter of 15 mm and length of 55 mm with an 
inductance of approximately 1 pH. The experiments were run at room temperature. 
Event 
90effPulse / µs 
Acquisition 
Final Delay / ms 
No. of scans 
Frequency / MHz 
Table 4.15: Furosemide 
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1 PSL pulse sequence settings. 
134 









Figure 4.25: Phase I furosemide powder Cl i5room temperature signal in the time domain. 4 summed 
echoes, 50000 scans; 36.226 MHz. 












Frequency I Hz 
Figure 4.26: Singlet 35CI peak from phase I furosemide powder: Fourier transformation of figure 4.25, at a 
frequency 36.2224 MHz, linewidth approximately 10 kHz. 
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One line was observed at 36.224 Ml z (figures 4.25,4.26) using the PSL echo sequence 
below at an RF frequency of 36.226 MHz with the probe tuned to 36.23 MHz. As 
expected, the observed frequency is lower than that observed at 77 K, due to the effects 
of thermal motion. This line was investigated further to find room temperature relaxation 
rates. 
4.5.2 Characterising the 36.226 MHz 35C1 signal 
4.5.2.1 TI 
The spin-lattice relaxation rate, Ti, was found using inversion recovery at room 
temperature using the pulse sequence settings below. 
Event 
90eß Pulse / µs 40 
Dead time Variable - 17 points from 1 to 80 ms 
Acquisition 64 points /3 µs dwell time 
Final delay / ms 50 
No. of scans 17000 
Excitation frequency 36.226 MHz 
Table 4.16: Furosemide nhase 1 35CI inversion-recovery Hulse seauence settings. 
The sequence was run three times and the average value of Tj was 1.97 ± 0.14 ms (figure 
4.27). This short TI is beneficial as it should allow for a faster repetition rate of scans due 
to the short recovery time, which can now be set to as short as 10 ms. The strength of the 
35C1 signal from only a small amount of furosemide can potentially give a good signal-to- 
noise ratio in approximately 1 minute, under typical conditions, allowing a fast, positive 
identification. 
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Figure 4.27: Phase I furosemide 35C1 T, plot at room temperature. T, = 1.99 ± 0.12 ms; 36.226 Mliz. 
Having determined a short Ti and a strong signal for 35C1 in furosemide, it was important 
to find Tee as the time for which an echo train can be sustained is of great importance 
experimentally; the longer the time for which the echo train can be maintained the better, 
allowing fast signal build-up in the addition of the echoes and making the use more 
viable for real world applications. 
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4.5.2.2 Tee 
A pulse sequence was set up to monitor the echo train and find the value of Tee for the 
35C1 signal around 36.22 MHz. 
Event 2 r= 280 ps 
Pulse / Ps 40 
Acquisition 64 points /3 ps dwell time 
Final Delay / ms 100 
No. of scans 100000 
Frequency / MHz 36.226 
Table 4.17: Furosemide phase 135Cl Tee pulse sequence (2 zm 280 µs, 16 sequential echoes). 
Only a small number of echoes could be sustained, even with the short 2r time used. The 
Tee average value (over 3 experiments), with 2r= 280 µs, was 0.793 t 0.018 ms (figure 
4.28). The Tee values and errors were calculated using `pro Fit', a Macintosh application. 
Once the scans were complete the resulting series of echoes were separated, phase 
adjusted and echo Fourier transformed. The data were exported to pro Fit where, after an 
initial rough fit, with parameters estimated by the user, iterative techniques were used to 
find the best exponential fit to the Tee points. The possibility of biexponential behaviour 
was checked by fitting to a biexponential function but this did not give a significantly 
better fit than a single exponential. The Levenberg-Marquardt algorithm is used to 
generate a well fitting function. 
Although the pulse lengths and spacings being used in observing the "Cl line are much 
shorter than in the previous14N furosemide work, the number of echoes sustained with a 
good signal-to-noise ratio is comparable. 
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Figure 4.28: Phase I furosemide; 35Cl 36.226 MHz line Tee plot, where 2r= 280 µs; for plot shownTze = 
0.811 ms. 
4.5.2.3 T2 
Ti, the spin-spin relaxation time, was found using a Hahn echo sequence. 
Event 
Pulse / µs 40 
Dead time Variable - 21 points from 0.1 to 6.5 ms 
Acquisition 64 points /3 µs dwell time 
Final delay / ms 50 
No. of scans 50000 
Excitation frequency 36.226 MHz 
Table 4.18: Furosemide phase I "Cl Hahn echo pulse sequence. 
The T2 average value (from 3 experiments) was found to be 0.28 ± 0.03 ms (figure 4.29). 
Like T1, T2 for this line in furosemide is quite short, but considerably longer than the T2* 
value quoted below. 
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Figure 4.29: Phase I furosemide T2 plot at room temperature. T2 = 0.28 t 0.02 ms; 36.226 MHz. 
4.5.2.4 T2* 
T2*, the spin-phase memory decay time was found by fitting an exponential function to 
the second half of an echo generated from a PSL sequence as table 4.14 and was found to 
be 0.0326 ± 0.0023 ms. This is predictably short, considering the Tj and T2 values for this 
35C1 line. 
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Figure 430: Phase I furosemide T2 plot at room temperature. T, * = 0.0326 ± 0.0023 ms; 36.226 MHz. 
4.5.3 Observation of 35C1 signals in furosemide tablets 
Further 35C1 work was carried out on 20 mg and 500 mg tablets of furosemide, marketed 
at Lasix. TI, T2, Tee and T2* were found for both using a sample of 80 20 mg tablets and 
8 500 mg tablets. Using the same sequences, settings and experimental conditions as for 
the furosemide powder the signals from each set of tablets were characterized. 
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4.5.3.1 Characterising 35C136.226 MHz signal from 20 mg tablets 
Room temperature 35C1 20 mg furosemide tablet echo 























Frequency / Hz 
36300000 
Figure 4.32: 20 mg furoscmidc tablet Cl "signal in the frequency domain; Fourier transformation of figure 
1; 36.226 MHz. 
Room temperature Fourier transformed 20 mg 
furosemide tablet signal; 36.226 MHz 
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4.5.3.1.1 T, 
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Figure 433: 20 mg furosemide tablet 35C1 T, plot at room temperature; T, - 2.89 ± 0.75 ms, 36226 MEIz. 
4.5.3.1.2 T2 
















Figure 434: 20 mg furosemide tablet 35CI T2 plot at room temperature; T2 -0.10± 0.01 ms, 36.226 Mliz. 
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4.5.3.1.3 Tee 
Room temperature T2 e plot for furosemide 20 mg tablets; 
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Figure 4.35: 20 mg furosemide tablet 35C1 T2e plot at room temperature; Tee = 0.571 ± 0.032,36.226 MHz. 
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4.5.3.2 Characterising "-"Cl 36.226 MHz signal from 500 mg tablets 
Room temperature 35C1 500 mg furosemide tablet echo 













Time / ms 
Figure 436: 500 mg furosemide tablets "Cl echo at room temperature; 10000 scans, 36.226 MHz. 
Room temperature Fourier transformed 500 mg 
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Figure 437: 500 mg furosemidc tablet "Cl signal in the frequency domain; Fourier transformation of 
figure 4.36; 36.226 MHz. 
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4.5.3.2.1 Ti 
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Figure 4.38: 500 mg furosemide tablet 35C1 T, plot at room temperature; T, ® 2.01 ± 0.18 ms, 36.226 
MHz. 
4.5.3.2.2 T2 
Room temperature T2 plot for 500 mg furosemide 
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Room temperature T2 e plot for furosemide 500 mg 











0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
Time / ms 
Figure 4.40: 500 mg furosemide tablet "Cl Tee plot at room temperature; Tee = 0.712 ± 0.053,36.226 
MHz. 
4.5.4 Summary of results 
Sample 3.5 g powder 8x 500 mg tablets 80x 20 mg tablets 
T, / ms 1.97 ± 0.14 2.09 ± 0.26 2.79 ± 1.06 
T2/ms 0.28±0.03 0.21 ±0.01 0.12±0.01 
Tee / ms (2 r= 280µs) 0.793 ± 0.018 0.747 ± 0.043 0.612 ± 0.061 
T2* / ms 0.0326 ± 0.0023 0.0327 ± 0.0026 0.0285 t 0.0025 
Table 4.19: Comparison of measured "Cl NQR values from furosemide phase I powder, 500 mg and 20 
mg tablets. 
Across the range of samples T2, the spin-spin relaxation rate, varied the most. This 
relaxation rate depends on dipole-dipole interactions and the differing environments in 
the tablets formations, which have different percentages of furosemide within them and 
have undergone compression with the other excipients may be responsible for this range 
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of results although it is unlikely that compression effects alone would significantly 
change T2 values as solids are very resistant to compression. These differences could be 
investigated further. The errors are largest in the 20 mg tablet samples, as might be 
expected due to the lower mass of furosemide present in these experiments. The spin- 
lattice relaxation rate for the 20 mg tablets is much longer than the values found for the 
powder and 500 mg tablet sample but the larger error does result in T1 being within the in 
the same region. The T2* values were of interest; it was suggested that the linewidths 
may broaden due to inhomogeneity or compression effects but the powder and 500 mg 
tablets were in close agreement. Further studies on a range of tablets containing different 
percentages of API and made with different compression rates could be investigated. 
4.5.5 Phase II studies 
Using 3g of phase II furosemide, as prepared earlier, searching was carried out using the 
same conditions as those for phase I with the same apparatus set-up. The 35 and 39 MHz 
region was extensively searched using a PSL echo sequence in frequency steps of 0.01 
MHz but no signal was observed from the phase II sample. Later tests run on the 
spectrometer indicated problems in the region, with the apparatus seemingly unable to 
record certain frequencies. 
Unfortunately, we have been unable to show that 35C1 NQR can be used to differentiate 
between furosemide polymorphs but the promising results achieved in phase I studies 
indicate that NQR can be used to quickly detect small volumes of phase I furosemide in 
short amounts of time. We have also characterised the 36.23 MHz line. 
Using the information and results gathered so far, we went on to look at 35C1 signals in 
tablets and the potential for quantitative analysis, as discussed in chapter 5. 
4.6 Theoretical calculations 
The "Cl signal should be a doublet, as is the 14N signal in phase I furosemide, of a certain 
splitting. Theoretical calculations were investigated to see how accurate a prediction 
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could be given for the 35C1 line already observed, and also as a guide to finding the 
second line. Also of interest was how closely theoretical calculations could predict the 
differences between polymorphs. 
4.6.1 Frequency prediction 
4.6.1.1 Method 
Using Gaussian98 (discussed in detail in chapter 7) the quadrupolar coupling constants 
were calculated for phase I furosemide using the X-ray crystal structure data determined 
by Lamottes. An orthogonal system must be entered in Gaussian, so the triclinic 
coordinates were converted using a program ORTH. exe in Fortran. The unit cell 
dimensions were entered, followed by the triclinic coordinates for each atom 
individually. The points were then converted via a matrix calculation to the orthogonal 
system coordinates. The calculation was run on the two adjacent non-equivalent 
molecules in the crystal structure with a 6-31 G* basis set. This allows 2 basis functions 
per H, 19 basis functions for other atoms and takes into account orbital diffusion, 
important for the larger chlorine atoms. The quadrupole coupling constant (QCC) and 
asymmetry parameter, rj, were calculated for each 14N and 35C1 atom and the NQR 
frequencies were predicted (v+ and vQ respectively) The nuclear electric quadrupole 
moment is assumed to be -81.65 mB for 35C1 and 20.44 mB for 14 N'3 
4.6.1.2 Results 
QCC / MHz r/calc, vcalc. / MHz 
Ci(1) -76.12 0.103 38.12 
N(1) -6.163 0.727 5.792 
N(2) -4.930 0.187 3.962 
C1(51) -76.39 0.103 38.26 
N(51) -6.926 0.084 5.386 
N(52) -5.544 0.077 4.302 
Table 4.20: Predicted NQR data for phase I furosemide, calculated using Gaussian98. 
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Gaussian predicted 35C1 lines at 38.12 and 38.26 Mliz with a splitting of 0.14 Mliz 
between the two lines; typically for 35C1 a second line would be expected within 1 Mhiz 
of the first. Accordingly, the frequency range 35.246 to 37.296 MHz was searched in 
steps of 0.03 MHz. Unfortunately the second line has not yet been found. 
4.6.1.3 Discussion 
As the work was carried out in the laboratory on a non-thermostatted sample, under 
conditions where the temperature fluctuated greatly at times, the line may have been 
`missed' due to the frequency drifting with temperature. The spectrometer was also 
found to have problems detecting some frequencies in the 35 to 40 MHz range, which 
may have led to a lack of detection sensitivity. 
The values of 38.12 and 38.26 MHz give a reasonably good prediction for the NQR 
35C1 
frequency in furosemide. With the 35C1 line already seen at 36.22 MHz, the best 
calculated theoretical value is within 10% of experimental observations and hence again 
it has been shown that using Gaussian to restrict the area for a frequency search can be a 
useful tool. The 14N values calculated were not in such good agreement with the 
experimentally observed frequencies (doublets around 3.563 and 2.600 MHz). The 
splittings predicted theoretically for '4N are also much larger than the doublet splitting 
observed. 
4.6.2 Calculating direction cosines 
As well as calculating the magnitude and sign of qzz, it is also useful to know the 
direction of the electric field gradient by calculating the direction cosines. It can be 
shown that the electric field gradient (EFG) tensor at the origin, due to a charge, e, at 
point (x, y, z) in molecular coordinates at distance r is 
3x2 -r2 3xy 3zx 
S 
3xy 3y2 -r2 3yz 
3zx 3yz 3z2 -r2 
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The origin is taken as the nucleus under investigation and the EFG tensor calculated over 
the whole neighbouring charge distribution. Diagonalisation then gives the direction 
cosines with respect to the molecule axes selected. 
4.6.2.1 Method 
The values for the field gradient tensor were extracted from the Gaussian results and the 
direction cosines calculated using Matlab. The field gradient values for the matrix were 
inputted for each atom and the command eig was run. The eigenvectors (direction 
cosines) and eigenvalues (qzr, q»,, q12) are produced from this calculation and the 
eigenvalues are easily verified with the Gaussian-produced values to check the 
calculation. The position of the maximum principal component (qa) with respect to a 
bond within the molecule was then established. Further details are given in chapter 7. 
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4.6.2.2 Results 
Atom Eigcnvcctors w. r. t. qu 0 q)y 0 qxv 0 
C1(1) C(4) -3.967 1.68 2,189 88.3 1.778 .6 89 
0.0382 -0.1691 -0.9849 
0.9010 -0.4204 0.1071 
0.4322 0.8914 -0.1363 
N(1) S(1) 1.283 82.3 -1.108 28.9 -0.175 62.4 
-0.3700 -0.6978 -0.6133 
-0.8048 0.5706 -0.1636 
-0.4641 -0.4331 0.7727 
N(2) 11(2) 1.027 89.1 -0.609 87.3 -0.417 2.83 
0.9973 -0.0695 -0.0229 
-0.0730 -0.9697 -0.2330 
0.0060 -0.2341 0.9722 
CI(51) C(54) -3.982 1.99 2.197 88.0 1.785 89.9 
0.0357 -0.1510 -0.9879 
0.8958 -0.4334 0.0986 
0.4430 0.8885 - 0.1198 
N(51) S(51) 1.4422 89.8 -0.782 11.9 -0.661 78.0 
-0.6987 0.6134 -0.3683 
0.7151 0.6153 -0.3317 
- 0.0232 0.4957 0.8685 
N(52) H(52) 1.154 89.3 -0.622 50.2 -0.532 39.8 
-0.7873 -0.5826 0.2017 
-0.6136 0.7726 -0.1633 
0.0607 0.2523 0.9657 
Table 4.21: Calculatcd eigenvectors, eigenvalues and their angles with respect to bond vectors (Lanes1an 
coordinates) of the quadrupolar nuclei in furosemide. 
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4.6.2.3 Discussion 
The direction cosines arc as expected for the chlorine centres, with small angles of q11 
(1.68 ° and 1.99 ° for Cl(1) and CI(51) respectively) relative to the C1-C bond vector, 
with q)y and q both being at approximately 90 ° to the bond (Cl(1) - 88.3 °, 89.6 ° and 
C1(51) - 88.0 ° and 89.9 °). Again, as for the other theoretically calculated parameters, 
the '4N values were not so consistent. The angles of qz= with respect to the bond vectors 
for 14N arc, as expected, at approximately 90 ° to the bond vectors stated in column 3, in 
the area of the lone pairs. 
4.7 Identification and analysis of polymorphs 
As discussed in chapter 1, an important aim of the work was to determine whether 
nuclear quadrupole resonance could be used to identify different polymorphs of a 
compound. The NQR results earlier in this chapter show that this can be done with 
relative case in the case of furosemide and potentially with other compounds, with an 
immediate and clear method of distinction, identifiable from observation of the frequency 
domain signals with a minimum of knowledge or training. Six common analytical 
techniques (solid-state nuclear magnetic resonance, infrared spectroscopy, X-ray powder 
diffraction, differential scanning calorimetry, thermogravimetric analysis and 
microscopy) were used to analyse phases I and II of furosemide and the ease of 
identification compared to the use of NQR spectra for determination of the polymorph. 
4.7.1 Solid-state nuclear magnetic resonance (SSNMR) 
4.7.1.1 Introduction 
Nuclear magnetic resonance is the spectroscopic technique most closely related to NQR. 
It has been widely utilised in scientific analysis, from simple one- and two-dimensional 
spectroscopy used in structure determination to magnetic resonance imaging used 
medically in a variety of situations. The most basic NMR experiments are IH NMR 
scans of solutions, though 13C and many other nuclei with spin ? '/2 arc also commonly 
studied, and a wide range of experimental enhancements exist to improve solution NMR 
experiments. However, as NQR is a solid-state analytical process it is solid-state NMR 
which will be discussed in this section with comparison to NQR. Carbon-13 is the most 
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commonly studied nucleus in solid-state NMR. Like NQR, SSNMR gives us an 
indication of the environment around the chemically relevant nuclei and is sufficiently 
sensitive enough that small spatial changes affect the spectra, enabling, for example, 
identification and differentiation ofpolymorphs both crystalline14 and amorphous's, 
quantification and the more basic use of determination of structure by analysis of the 
chemical shift of peaks. SSNMR has the same basic principles as solution NMR but 
there are some important effects seen in the solid state which are not observed in solution. 
Simple solid-state NMR spectra contain broad peaks due to dipolar coupling and 
chemical shift anisotropy stemming from the lack of molecular mobility; in solution 
rotational molecular movement leads to averaging of positions which is not possible in 
the solid state. However, both the above factors can be overcome to give high resolution, 
well resolved spectra. 
Dipolar coupling occurs when the magnetic moments of two or more nuclei interact 
through space and is dependent on the inverse cube of the internuclear distance, the 
gyromagnetic ratio (making 1H, which has a large gyromagnetic ratio, interactions large) 
and the dipolar coupling tensor, which in turn is dependent on the molecular 
orientation16. The broadening due to this effect can be reduced by high-power 
decoupling and magic angle spinning. During high-power decoupling the solid sample is 
subjected to radiofrequency at the Larmor frequency of the nucleus to be decoupled 
causing the fast flipping of the spins so averaging the dipolar interaction seen by the 
nucleus under observation to zero. 
The chemical shift interaction is also dependent on the orientation of the nuclei and is 
highly sensitive. Again, in solution an average orientation is seen due to isotropic motion 
but in a solid sample it is usually the case that all orientations of the molecule exist and a 
broad peak, covering the range of chemical shifts produced which can be called the 
chemical shift anisotropy (CSA) powder pattern, will be observed. This broadening can 
be overcome by magic angle spinning; in this method the sample is spun at an angle of 
54.74 °, the `magic angle' 17, at a rotation rate greater than the chemical shift anisotropy. 
This reduces a term in the shielding constant to zero under the spinning conditions, 
reducing broadening and leading to sharper peaks in the SSNMR spectra. 
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Having overcome the broadening problems, which lead to featureless spectra making 
characterisation difficult, other improvements which arc not unique to SSNMR can also 
be made to increase signal to noise, shorten scan times or allow greater chemical insight 
such as cross polarization, multiple pulse sequences and 2-dimensional experiments. 
Cross polarization is routinely used in SSNMR experiments as it is a technique which 
shortens acquisition times; sensitivity and SNR is increased by transferring the higher 
'Ii 
polarisation to the 13C nuclei. Coupling of the 111 nuclei with the 
13C nuclei lessens 
experimental times which would otherwise be lengthy due to the long spin lattice 
relaxation time of 13C nuclei. 
Dipolar dephasing (also known as non-quaternary suppression) is a technique which is 
often applied in SSNMR in order to facilitate the assignment of peaks in an SSNMR 
experiment's. Simplification of spectra is achieved as the signals from any nuclei directly 
bonded to hydrogen are theoretically removed. In reality, signals from methyl groups are 
usually still observed, due to the reduced C-H dipolar coupling -a result of the internal 
rotational motion. The signals from nuclei with strong dipolar coupling to hydrogen 
dephase more rapidly than those with weak coupling and so with the appropriate delay 
time (40 µs is usually suitable for13C experiments) only quaternary 
13C nuclei signals are 
observed. 
The basic NMR experimental equipment is similar to that used in NQR, though unlike 
NQR commercial NMR units are widely available which contain the multiple necessary 
parts housed together. It is a more expensive technique than NQR requiring production 
of a large magnetic field and also a rotor to facilitate magic angle spinning. Although 
SSNMR has the advantage that it is a quantitative technique19 the small and fixed 
volumes used limit it somewhat in a manner which is not present in NQR analysis. Little 
sample preparation is required; similarly to NQR polycrystalline solid samples are used 
without the need for purification or grinding. Single crystals can be studied but this is 
uncommon. The technique is non-destructive, though it is invasive as samples do need to 
be removed from their containers and placed in a fixed volume sample tube of the correct 
dimensions to fit the apparatus. 
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4.7.1.2 Method 
Solid-state 13C NMR experiments were carried out at the EPSRC lab run by Dr. David 
Apperley at Durham University, with the assistance of Fraser Markwell. Approximately 
300 mg of each solid sample was packed into a 7.5 mm ceramic probe. Experiments 
were run with phase I furosemide (as received from Sigma) and phase 11 furosemide 
(recrystallised from butan-l-ol as previously). In order to slow decomposition of the less 
stable phase II (which had been recrystallised approximately 20 hours prior to the 
SSNMR run), the experiment was run at -20 C. CP-MAS (cross polarised, with a contact 
time of 1 ms, magic angle spun, with a spin rate of 447011z) experiments were run in a 
field of 300 MHz with an acquisition time of 30 ms and the spectra were recorded using a 
Varian Unity Inova spectrometer. In both cases the recycle time was optimised and 
found to be 30 ms for phase I and 60 ms for phase II. The phase I spectrum is the result 
of 250 repetitions, whilst the phase II experiment consisted of 106 repetitions. Initial 
spectral referencing was with respect to tetramethylsilane, carried out by setting the high 
frequency from adamantane to 38.4 ppm. A second SSNMR experiment was carried out 
on phase I with dipolar dephasing in order to identify the methyl groups and quaternary 
carbons. Conditions were as for the previous phase I experiment with the dephasing 
delay of 40 is. With the help of Dr. David Apperley, appropriate literature20 and with 





Figure 4.41: Solid-state NMR spectrum from phase I furosemide (room temperature). 
Figure 4.42: Solid-state NMR spectrum from phase II furosemide run at -20 C. 
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Figure 4.43: Dipolar dephased solid-state NMR spectrum from phase I furosemide (room temperature). 
There are 1213C nuclei in furosemide, from which 12 signals may be expected to be seen. 
However, the phase I furoscmidc spectrum (figure 4.41) (run at room temperature) shows 
14 labelled peaks and also a number of weaker sidcbands which arc unlabelled in the 
spectra while the phase II spectrum (figure 4.42) has only 9 labelled peaks. The peak at 
154 in the phase II spectrum may be hiding a peak through overlapping due to 
broadening caused by residual dipolar coupling between 13C and14N. There are traces of 
phase I furosemidc in the phase II spectrum (weak signals around 150 and 172 ppm) as 
may have been expected (in the 20 hours which elapsed between harvesting the crystals 
and running the experiment some phase II will have decomposed to phase I). Figure 4.43 
shows the phase I spectrum obtained with dipolar dcphasing with signals only from the 
quaternary carbons with the same chemical shifts as identified from figure 4.42. The 
quaternary 13C of the furan ring would be expected to have a chemical shift of around 140 
ppm; however, such a peak is not present in the dipolar dephased spectrum. The two 
peaks at 106 and 108 ppm may be a doublet, as only one quaternary signal (from the 
aromatic C- COOH) would be expected in this region. 
Although the spectra of the two polymorphs show clear differences, they require a more 
specialised viewing than the corresponding NQR spectra, in which a simple glance at the 
multiplicity can determine whether phase I or II is present. Another disadvantage of 
SSNMR is the overlapping of signals - in the case of polymorphs where the less stable 
form degrades to another form the13C signals may overlap, and although it could be seen 
as an advantage that both forms can be seen in the same spectrum, this feature could also 
be problematic and the specific frequencies that are associated with14N nuclei and their 
sensitivity to environmental change mean that such overlapping of frequencies is not a 
common problem. NQR also has the advantage previously mentioned that a wide range 
of volumes can be studied, with solenoids built to suit the sample. The SSNMR required 
a small amount of solid to be placed into a fixed volume tube and the sample needed to 
be dry - solvent left in the sample could force the lid to be forced from the probe during 
spinning which could lead to the sample being forced from the probe and into the other 
equipment. In NQR if the sample has not been fully dried or is even in a slurry a 
spectrum can be gathered with normal experimental conditions and little further 
159 
preparation. Both SSNMR and NQR have the feature that experimental timescales can 
vary greatly depending on the material under investigation. In the case of furosemidc, the 
SSNMR spectra were accumulated in a number of hours - necessary to enable sharp 
peaks with good SNR. For NQR, 30 minutes was enough time to give a clear peak to 
enable identification in the case of both polymorphs, although it should be noted that a 
much larger sample mass was used (56 g as opposed to 300 mg). 
4.7.2 Infrared spectroscopy (IR) 
4.7.2.1 Introduction 
Absorption IR can give great structural detail of a sample with the molecular vibrational 
frequencies being highly sensitive to their environment allowing easy identification of 
different functional groups. IR is a very useful tool in the analytical laboratory and can 
be used to identify, confirm or differentiate between compounds and also distinguish 
between polymorphs21. 
The region usually studied is the mid-range 4000 to 400 cm" and although not all the 
molecular frequencies in this region can be observed - only vibrational modes that 
produce a change in the electric dipole moment are IR active - there is usually enough 
information contained within a scan to uniquely identify the substance either by reference 
to spectroscopy literature and frequency tables, or in some modem instruments 
electronically by comparison to a library of previous spectra. Modem instruments use 
interferometric methods to monitor the whole frequency range at once, and the resulting 
interferogram then undergoes Fourier transformation to produce the absorption spectrum. 
A sample requires a little preparation in readiness for an IR scan; a solid sample is ground 
in a mineral oil mull, or other suspension liquid if required and this suspension is then 
smeared onto KBr discs before being placed into the cradle in the IR spectrometer so that 
the IR beam can pass through it. Solids can also be ground with KBr and pressed into 
discs. Where liquids are being studied they can simply be smeared in a thin layer 
between KBr discs. 
Generally IR scans are fast to run, with a number of scans being run in seconds and these 
combined to give the spectrum across the range of interest. They arc, however, invasive 
and difficult to quantify and apply to samples in packets or bottles. 
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4.7.2.2 Method 
Furosemide was analysed using IR spectroscopy; various forms of furosemide were 
recrystallised from different solvents; phase I from acetone, phase Il from butanol, and 
suspected phase I from a 50: 50 mixture of ethanol and petroleum ether (40-60) (as used 
by Lamotte et al. s in the preparation of furosemide for the X-ray crystal structure 
determination) and also the Sigma furosemidc powder as received. 
For each recrystallisation approximately 250 ml of the appropriate solvent, or solvent 
mixture, was heated and phase I furosemide (Sigma powder) was dissolved to saturation 
point. The solutions were left to cool overnight and the crystals collected. A small 
amount (< 1 g) of each sample was ground in a nujol mull. The fine suspension was 
placed on KBr discs and the IR scan was recorded at room temperature on a Perkin Elmer 
1605 FT-IR spectrophotometer. The frequency range was set to 600 to 4000 cm'' with 4 
scans being run for each spectrum. The spectra were plotted and analysed in the range 










Figure 4.44: IR spectrum of Sigma phase I furosemide powder. 
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Figure 4.47: IR spectrum of furosemide recrystallised from butanol (phase II). 
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Figure 4.48: IR spectrum of nujol. 
4.7.2.4 Discussion 
Sample Sigma powder Phase 1; Phase II; Lamotte; pct. 
/ cm'1 acetone / butanol/ cm" eth. /ethanol / 
cm"' cm'' 
Sulfonamide N-H stretch 3397.7 3398.0 3401.5 3397.5 
Amine N-H stretch 3348.9 3349.6 Not present 3349.2 
Sulfonamide N-H stretch 3282.6 3282.4 3286.6 3282.4 
N-H bend 1590.6 1591.0 1588.2 Unmarked 
N-H bend 1565.6 1564.7 Unmarked 1566.4 
C=O stretch 1671.5 1672.5 1672.5 1671.2 
S=O symmetric stretch 1321.4 1322.6 1320.2 1322.6 
S=O asymmetric stretch 1141.0 1142.4 1143.8 1142.2 
Table 4.23: IR assignments for various furosemide samolcs in the 1100 - 4000 cm' region. 
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The main peaks were assigned with the help of a spectroscopy text (Table 4.23) 22 . The 
most immediate difference between spectra could be seen in the 3200 to 3400 cm" 
region. In the Sigma powder, petroleum ether/ ethanol mix and acetone recrystallisations 
(figures 4.44,4.45 and 4.46 respectively), 3 clear peaks, of similar intensities, are seen in 
this region. However, in the phase 11 (butanol) (figure 4.47) spectrum there are only 2 
strong peaks in the same region, although there is a very weak absorption peak between 
the two which may be due to a small quantity of phase I due to a polymorphic 
transformation. In phase II both the sulfonamide N-H stretch vibrations have been 
shifted to a higher wavenumber and the secondary amine N-H stretch near 3349 cm's is 
not observed between the two sulfonamide peaks; it is possible that it is swamped by the 
lower sulfonamide N-H peak, at 3286.6 cm's, as secondary amine N-11 stretching 
frequencies are lowered by hydrogen bonding22. The Sigma powder, acetone 
recrystallised and the `Lamotte' recrystallised forms all have extremely similar 
vibrational frequencies, confirming that they are all phase I. These results show that IR 
spectroscopy can be a useful laboratory method of quickly distinguishing between the 
polymorphs, for example to confirm the phase of a recrystallised sample before further 
NQR study although the differences are not as immediate as in the NQR spectra and the 
technique is destructive and invasive. 
4.7.3 X-ray powder diffraction (XRPD) 
4.7.3.1 Introduction 
When an X-ray is beamed at a crystalline sample, the crystals scatter the radiation to 
produce a diffraction pattern characteristic of that material. A single crystal is usually 
needed to give a detailed crystallographic structural analysis; more commonly, a 
polycrystalline sample can be used to give a less detailed spectrum by X-ray powder 
diffraction, which can nevertheless be used to identify compounds or mixtures of 
materials. 
The arrangement of the crystal lattice and the separation d(hkl) of the crystal planes (hkl) 
determine the angles at which diffraction peaks occur, while the electron density 
distribution within the crystal determines their intensity; the angle and intensity of the 
lines in the XRPD spectrum together will uniquely identify a compound. 
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An X-ray tube produces a beam by accelerating electrons towards a metal anode; 
producing X-rays of a specific wavelength, A, dependent on the metal used (most often 
copper), which are then directed onto the sample and the diffracted radiation is 
subsequently detected. The angle between the sample, the X-ray beam and the detector 
may be changed to give a wide angular range of the diffraction angle 20. 
Bragg's equation (4.2) can be applied to calculate the spacing, d(hkl), between the planes 
of the crystal lattice since the wavelength, A, and the angle between the sample and the 
X-ray beam, 0, are known and n is an integer. 
n, % = 2d sin 0 (4.2) 
Little preparation is needed in XRPD; a small amount of the solid sample must be finely 
ground and is then placed in the sample holder. Modern diffractometers use a detector, 
such as a scintillation counter connected to a computer or a CCD camera to generate a 
spectrum electronically which can then be printed out. Spectra of 2© against intensity are 
plotted to give a characteristic powder pattern, a `fingerprint' of the substance under 
study to be compared with other spectra to determine a difference or with a library of 
previously studied materials to allow identification. XPRD is routinely used in 
pharmaceutical analysis in identification but it is not a suitable method for large scale 
analysis or quantification and the sample preparation inhibits the use of whole `from the 
packet' tablets and certainly samples in bottles. 
4.7.3.2 Method 
Three furosemide samples were analysed by XRPD; `fresh' phase I, from a newly opened 
bottle of Sigma purchased furosemide powder, `old' phase I, the original Sigma powder 
sample which had been subjected to temperature changes between 0 and 70 °C, and 
`fresh' phase II, a sample of furosemide recrystallised from butanol three days before the 
experiments were run. 
A small amount of each sample was placed onto the sample discs, finely ground and 
evenly spread. They were loaded onto the CuK. XRPD machine at Merck Sharp and 
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Dohme, Hoddesdon, model Brukcr D8 Advance, and a fast scan was run covering 20 
angles of3 ° to 40.125 °, with a step value of 0.014 °, at room temperature (298 K). 
4.7.3.3 Results 
10 20 30 40 
2-Theta - Scale Figure 4.49: XRPD spectrum of fresh phase I furosemide; 20= 3 to 40.125 °, room temperature. 
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10 20 30 4( 
2-Theta - Scale Figure 4.50: XRPD spectrum of old phase I furosemide: 2 0= 3 to 40.125 °. room temperature. 
2-Theta - Scale Figure 4.51: XRPD spectrum of phase II furosemide; 20= 3 to 40.125 °, room temperature. 
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2-Theta - Scale Figure 4.52: Overlay of fresh and old phase I and phase ll furosemide XRPD spectra; 20= 3 to 
40.125 °, room temperature. 
4.7.3.4 Discussion 
Fresh phase I (figure 4.49) and old phase I (figure 4.50) had extremely similar spectra, as 
expected, with the only difference being a small `step' at 20= 8 °. Two further old phase 
I scans were run, to check whether this was an instrumental fault, and in both the `step' 
was still present with no obvious explanation. The main peaks in the phase I spectra are 
at 20= 6 °, 12 °, 18 ° and 25 °. Phase 11 (figure 4.51) had a clearly different spectrum, 
although there was some evidence of phase I contamination of the sample, with low 
intensity peaks at 20= 6 °, 12 °, 18 ° and 25 °. The most intense phase II peaks were at 
20= 6.5 °, 13 °, 17 °, 20 ° and 29 °. Again, we have another clear method of 
distinguishing between polymorphs in the laboratory, useful for prc-NQR preparation 
work. The differences are particularly evident in the `overlay' plot (figure 4.52) but 
again, to the untrained eye an immediate determination is not as facile as when 
comparing the NQR spectra for phases I and II of furosemide. 
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4.7.4 Differential scanning calorimetry (DSC) 
4.7.4.1 Introduction 
Differential scanning calorimetry (DSC) is a thermal analysis technique which is closely 
related to differential thermal analysis (DTA). In DTA the heat flow to the sample and a 
reference remains constant for both and the difference in temperature between the two is 
plotted23. DSC experiments are carried out using either heat-flux DSC, where the sample 
and reference are heated (or cooled) simultaneously by the same heating plate over a set 
temperature range with thermocouples monitoring the temperature change, or power- 
compensated DSC, where the sample and reference are heated individually while heat 
flow is adjusted so that the sample and reference have the same temperature. Heat flow 
is plotted against the temperature to give a DSC curve from which the enthalpy 
associated with the process brought about by the temperature change can be found by 
integrating the area under the peak (in a well-calibrated DSC instrument). Endothermic 
reactions, such as melting, are seen as peaks below the baseline while conversely, 
exothermic processes yield positive peaks above the baseline. 
Little preparation is needed prior to a DSC scan - the solid sample is simply placed into a 
small sample pan, usually aluminium, which is scaled and an empty identical pan is also 
sealed and used as the reference. A small amount of material is used, less than 100 mg, 
and the scan time will vary according to the rate at which the temperature is increased 
and the temperature range. 
DSC can be used to confirm melting points, find the enthalpy associated with processes 
such as phase transitions which may be of particular interest when studying polymorphs, 
as well as to indicate the purity of compounds (by observation of the lowering of melting 
points). Differences in the DSC curves from different polymorphs may enable 
polymorph identification although sample requirements may limit the study of tablets in 
pharmaceutical analysis and large scale analysis and quantification is not feasible. 
4.7.4.2 Method 
DSC plots were recorded for `fresh' phase I, `old' phase I and `fresh' phase II using a TA 
Instruments DSC 2920 modulated DSC machine, at Merck Sharp and Dohme, 
Hoddesdon, up to 250 °C at a rate of 10 °C min''. It is important to note that the phase II 
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sample has continued weight loss due to evaporation of butanol, so the sample size 
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Figure 4.55: DSC plot for phase 11 furosemide (6.900 mg). 
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4.7.4.4 Discussion 
All three samples gave similar spectra; the green line is the DSC plot and the red lines are 
the markers used in calculating the area, corresponding to the energies of the processes, 
under the peaks/troughs. The first endothcrm was seen in fresh phase I (figure 4.53) at 
around 137.31 °C, old phase I (figure 4.54) at around 137.24 °C and in phase 11 (figure 
4.55) at the lower temperature of 133.04 °C. The melting endothenns for fresh and old 
phase I were around 214.13 °C and 215.26 °C respectively, with phase II endotherm 
having the higher temperature of 218.02 °C. The degradation exothcrms were around 
217.78 °C, 219.32 °C and 221.36 °C for fresh phase I, old phase I and phase II 
respectively. These values are in approximate agreement with those obtained by 
Doherty4 and Matsuda3. Doherty and York suggest that the first endotherm around 135 
°C may be due to a crystal repacking, at least in the case of phase I. The lower 
temperature first endotherm and higher temperature melting endotherm and degradation 
exotherm for phase II as compared to phase I furoscmide are only slightly different and 
would not provide an easy method for distinguishing between the polymorphs in 
comparison to viewing the NQR spectra. On viewing the DSC scans it would not be 
immediately obvious as to which polymorph produced each scan, particularly to an 
untrained eye. 
4.7.5 Thermogravimetric analysis (TGA) 
4.7.5.1 Introduction 
Thermogravimetric analysis monitors the weight of a sample as its temperature increases. 
It allows us to measure how the mass of a sample changes with temperature due to 
processes such as dehydration or evaporation of solvent residues, decomposition, 
oxidation or other reactions. A sample is placed in a pan connected to a balance and the 
temperature is increased at a set rate, up to a pre-set value. The weight is plotted against 
the temperature and the weight loss curve shows the temperature at which thermal events 
have occurred. The sample is usually heated in air (in which oxidation can take place) or 
in an inert atmosphere if required and clearly this will affect the TGA plot. Particle size, 
compression and the thermal conductivity 23 also affect the plot, so it is important to try to 
prepare comparative samples in as similar way was possible. Thermogravimetric 
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analysis can be important in pharmaceutical analysis as it can be used to monitor 
degradation temperatures in different atmospheres as thermal stability is an important 
consideration in the storage of drugs. With this technique whole tablets can he studied. 
as well as small powder samples. 
4.7.5.2 Method 
Thermogravimetric plots were recorded for fresh phase I, old phase I and fresh phase II 
using a Hi-Resolutions TGA 250 TA Instruments machine at Merck Sharp and Uohme, 
Hoddesdon. The temperature was ramped up to 250 °C at a rate of 10 °C' min-' under 
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Figure 4-158: Phase II furosemide TGA plot. 
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4.7.5.4 Discussion 
The thermogravimetric temperature vs. weight change plot for fresh phase I, (figure 4.56) 
shows a slight weight increase at around 80 °C and a slight weight loss at 180 °C. These 
are thought to be insignificant and they do not correspond with any features in the DSC 
plots. The decomposition above 218 °C can be clearly seen, corresponding with the 
degradation peak in the DSC plot (figure 4.53). Old phase I gave a TGA plot (figure 
4.57), with a gradual decrease in weight from just after 100 °C until melting and 
degradation around 220 °C where the weight suddenly drops dramatically. This may be 
due to the stresses, such as temperature variations and compressions, which the sample 
has endured but this has not been confirmed. The phase II TGA plot (figure 4.58) shows 
thermal stability with respect to weight until the melting and decomposition at around 
220 °C. Thermogravimetric analysis is not a particularly useful tool in the identification 
of polymorphs as the plots of fresh phases I and II do not have distinguishing features, 
although with knowledge of the differing melting points and careful study of the plots 
one could presume that the higher temperature decomposition compound was phase II, 
based on the DSC data. 
4.7.6 Microscopy 
4.7.6.1 Introduction 
Microscopy is one of the simplest forms of analysis - simply looking at a magnified 
image of a material can aid identification. Hot stage microscopy, where the sample is 
placed on the microscope slide which can be heated, allows observation of changes in 
crystals due to processes brought on by the increased temperature such as phase changes, 
solid-state reactions, dehydration or loss of solvent if these processes result in a visible 
change. Modem microscopes have integrated cameras to ease the recording of data and 
minimize inaccuracies due to sketching or describing the appearance of the crystals. The 




Samples of fresh phase 1, old phase I and fresh phase 11 were photographed at twenty 
times magnification at Merck Sharp and Dohme. Iloddesdon, using a Nikon Eclipse E40() 
microscope at room temperature. A small amount of each sample was suspended in nujol 
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Figure 4.62: A single törn semide phase II crystal suspended in mineral oil. 
4.7.6.4 Discussion 
Fresh phase I and old phase I (figures. 4.59 and 4.60) are very similar, as would be 
expected, with the crystals being small (< 20 µm), although the fresh sample does appear 
to have, on average, slightly longer crystals. The phase 11 photographs (figures 4.61 and 
4.62) show much longer crystals, as we have seen in the previous recrystallisations 
(figure 4.18). The differences in crystal formation are clearly seen by eye in the case of 
large crystals, which have undergone slow recrystallisation. If the different polymorphs 
had both been ground to a fine powder, this would obviously not be the case, and 
unfortunately such a situation was not studied under the microscope. We can see that in 
some cases microscopy is a quick and easy way of distinguishing between polymorphs 
where the crystals are sufficiently different in shape and form but this may not be the 
situation for many polymorphs. 
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An analytical technique which allows for quantification of substances is highly desirable 
in the pharmaceutical industry. Although some methods of analysis currently used do 
allow for quantification, including X-ray crystallography' and solid-state NMR2, they are 
not applicable to the study of bulk samples in the non-invasive, non-destructive manner 
of which NQR is capable. 
NQR has been shown to give a reasonably linear dependence of peak intensity on sample 
weight from 63Cu in Cu2O and 209Bi in BiCl33 and has long been suggested as a 
quantitative analytical technique4 but in the areas in which NQR has been utilized so far 
quantification has not been considered a major need -a `yes/no' determination has been 
more important. Even more importantly, no quantitative work has yet been published on 
the key nucleus, 14N although some quantitative NQR work has been published on the 
"Cl signal in a mixture of amorphous and crystalline chlorpropamides. The study of this 
nucleus in pharmaceutical samples is therefore an ideal area in which to explore its 
quantitative nature, as it is readily applicable to topics such as the confirmation of the 
number of tablets in a bottle or weight of API in a tablet, allowing determination of both 
quantity and strength. 
5.21°N studies 
5.2.1 Furosemide 
Initially PSL sequences at 3.563 MHz were to be used to study 500 mg tablets of 
furosemidc to sec if a linear response would be obtained with respect to the number of 
tablets/mass of furosemide. The experiment was designed and initial experiments carried 
out to determine the optimum conditions. As the RF field is less homogeneous at the 
edges of the solenoid, efforts were to be made to keep the tablets as central as possible, 
especially at small volumes. This was done by wrapping tissue paper around the tablets 
to make a column of the diameter of the neck of the container. 
Initial tests indicated that a large number of scans would have to be run to allow detection 
of the smaller numbers of tablets with a satisfactory signal to noise ratio, meaning the 
experiments would last approximately 24 hours. It was decided to postpone 14N studies 
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on furoscmide and move to quantitative measurements using a substance with a stronger 








1,2,4-Triazole (8), an anti-fungal material, was chosen as a substance with a number of 
strong 14N singlet signals6'7'8'9, including one with an NQR frequency (3.787 MHz) close 
to that of furosemide (3.563 MHiz). This allowed a number of measurements for each 
mass to be taken in the same day, minimizing machine drift and allowing a full set of 
quantitative results to be acquired in a shorter timescale. Also, the singlet makes area 
measurements easier and more accurate as there arc not overlap issues. 
5.2.2.2 Initial experiments 
The variable pitch solenoid (figure 3.5) was tuned to 3.787 Milz and an RF excitation 
frequency of 3.786 Mliz was used. Triazolc gave strong signals, with a long FID. A 
Bessel plot was carried out to determine to 90, E pulse before each set of experiments. The 
following sequence was applied and T2* was calculated by fitting an exponential curve to 
the real data (figure 5.1), using ProFit. 
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Event 
90efPulse / As 80 (Phase 20) 
Acquisition 1024 points / 10 µs dwell (Phase 02) 
Final delay / ms 800 
No. of scans 1000 
Excitation frequency 3.786 Mllz 
Table 5.1 t Pulse seauence Bettinns to yield tria7nle FID. 
The time domain signal was then baseline corrected, phase adjusted and Fourier 
transformed to give a singlet peak at 3,786,758 liz, with a linewidth of 322 llz (figure 
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Figure 5.1: Time domain 14N triazole signal with exponential fit. T2* - 0.99 ± 0.02 ms. 
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Figure 5.2: Fourier transformed peak from14N triazole signal. Linewidth = 322 Hz, Frequency = 3,786,758 
Hz. 
An inversion-recovery sequence was used to find the spin-lattice relaxation time, with the 
Q-damper on, allowing a short total dead time of 50 µs and an enhanced T, plot (figure 
5.3), with good negative intensity values fitted to a single exponential recovery: 
Event 
90, ff Pulse / is 80 (Phase 20) 
Dead time Variable - 15 points from 1 to 2000 ms 
Acquisition 256 points / 20 ps dwell (Phase 02) 
Final delay / ms 50 
No. of scans 100 
Excitation frequency 3.786 Mllz 














Figure 53: Tj inversion recovery plot for 14N triazole signal at 3.787 Mliz, T, a 177 16 ms. 
T2 and Tee measurements were attempted but achieving echoes was unsuccessful; this 
may be due to the long, strong FID, which could be masking the echo. Although phase 
tables were used to attempt to filter out any FID contribution, a clear echo still could not 
be seen (figure 5.4); compare this to the echoes seen using a similar sequence in 
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Figure 5.4: Attempted PSL echo 14 N signal in triazole at 3.787 MHz. 
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PS L14N triazole 'echo' signal 













Figure 5.5: PSL echo '4N room temperature signal in furosemide (Sigma powder in the time domain; 10 
summed echoes, 10000 scans, 3.562 MHz). 
5.2.2.3 Quantitative experiments 
For case of handling 5g packets of triazole were made up using clingfilm and sticky tape. 
The samples were placed as centrally as possible in the container to be examined, with 
respect to both length and diameter, to ensure field homogeneity - also maximized by use 
of a solenoid of variable pitch. However, this became more difficult with larger masses; 
although the packages were packed in as small a space as possible, some triazole was 
inevitably close to the edges of the solenoid as the filling factor increased. 100.42 g of 
99.5 % 1,2,4-1 H-Triazole from Acros Organics was used as a standardisation sample 
prior to every quantitative run (simple FID, 100 µs pulse, 250 scans, 900 ms between 
scans, which is greater than 5T, to ensure full recovery). For temperature stabilization, 
the required number of packets were placed in the container and put within the oil coil for 
at least 12 hours, with the standardization sample being placed in the canister but outside 
the oil coil for the same period. The experimental sample was then taken out and the 
standard sample placed within the RF coil. Three test runs were carried out at the 
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Time / ms 
beginning of each day, taking approximately 3 minutes each, and the average used as the 
standardization measurement. 
Initially a number of PSL sequences were run (without the Q-damper using the sequence 
below) as this was the type of sequence that had been used to examine furosemidc. 
However, these were abandoned due to the strange echo shape (figure 5.4). The results 
achieved are plotted in figure 5.6. A large scatter of unreliable data is seen. 
Event 
Pulse length / µs 70 (Phase 0202) 
r delay / µs 3000 
Acquisition 1024 points / 10 µs dwell (Phase 0202) 
Final delay / ms 1000 
No. of scans 15000 
Excitation frequency 3.786 MHz 
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Figure 5.6: The standardized '4N signal echo Fourier transformed peak heights and integrated areas for 
varying mass of triazolc using PSL sequences. 
Undamped quantitative triazole 14N PSL intensities 
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The experiments were continued using liDs only and the Q-damper was tuned and 
adjusted to 3.79 MHz. A number of measurements was recorded and plotted in the 
quantitative analysis; these were signal-to-noise ratio, peak height, peak area and 
maximum FID intensity. The oil bath as set to 298 K and was constant to within + 0.1 K; 
this was the assumed temperature of the sample. The following settings were used in the 
quantitative measurements: 
Event 
90ef'cPulse / µs 80 (Phase 20) 
Acquisition 512 points / 10 ps dwell (Phase 02) 
Final delay / ms 900 
No. of scans 2000 
Excitation frequency 3.786 MHz 
Table 5.4: FID pulse sequence settings for quantification of triazolc. 
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Figure 5.7: A Q-damped '4N triazole (70 g) FID off resonance signal. 
The rise and Q damping 'blip' can be seen at the beginning of the spectrum. 
In each Q-dampcd FID there is a `rise' and spike in each time domain spectrum before 
the FID (figure 5.7); this region was not included in the Fourier transformation and its 
contribution was not counted in the area measurements or peak heights. To remove the 
rise region the time domain spectra were shifted left by 20 points (0.2 ms) for each data 
set before baseline correcting and carrying out the Fourier transformation. The same 
process was carried out for the standardization plots. 
Baseline correction is of utmost importance when dealing with quantitative experiments 
as a fluctuating or offset baseline will make false contributions to the integrated area. 
Badly defined baselines can also be a serious systematic error. Ensuring there is no 
breakthrough also achieves a more accurate integration result, as the first FID points 
determine the baseline and an incorrect point can lead to a d. c. offset and a number of 
incorrect points will greatly affect the baseline and lead to `bowing' or `rolling"0. A 
twisted baseline can also be due to badly adjusted phases1I. 
The Heisenberg uncertainty principle states that 
AE. Ot ý Y2; 
r (5.1 
and from this we can see that when lifetimes At, are shortened AE is increased, leading to 
line broadening. The line shapes are often found to be Lorcntzian but generally give a 
linewidth greater than the expected ('rT1)"1 because of inhomogeneous broadening, due to 
impurities or defects in the material. The areas under the peaks should be proportional to 
the number of nuclei contributing to the signal, hence quantification should be possible. 
Lorentzian lines have `wings' going down asymptotically to the baseline on either side of 
the mean frequency and when calculating areas it is imperative to always set the same 
limits. If the limits are ±5 linewidths 85 % of the total area is measured, with ± 10 
including 94 % and ± 30 incorporating 98 % of the area12. Clearly, for quantitative work 
the maximum feasible area should be included in area calculations; fortunately in the case 
of triazole the line is relatively narrow (322 liz). The integrated area was calculated by 
exporting the frequency domain spectra to a text file and into Excel. The intensities of all 
the real points between 3800039 Ilz and 3772500 Ilz (a range of± 50 lincwidths) were 
added together (as all the frequency increments are equal) to give the rectangular 
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integration value including greater than 98 % of the area. The Fourier transformed peak 
intensity, the integrated area and the standardization adjusted peak intensities and areas 
(in arbitrary units) were all plotted against mass of triazolc (figures 5.8 - 5.12). 
Statistical analysis for all sets of data for both regression with an intercept (table 5.5) and 
regression through the origin (table 5.6) was carried out in order to determine whether 
quantitative analysis and prediction of mass from signal intensity could be achieved. 
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Figure 5.8: Variation of the "N triazole Fourier transformed peak intensity with varying mass. y= 8370.2x 
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Figure 5.9: Variation of the "N triazole standardized Fourier transformed peak intensity with varying 
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Figure 5.10: Variation of the 14N triazole integrated area with varying mass. 
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Figure 5.11: Variation of the 14N triazole standardized integrated area with varying mass. 
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Figure 5.12: Variation of the 14N triazole signal-to-noise ratio with varying mass. 
Using Excel, least squares fits were applied to the data to give a straight line equation of 
the form 
y=bx+a (5.2) 
(where in the above casesy is intensity and x is mass in grams) and the coefficients of 
determination, R2, for both offset and non-offset assumptions. The errors of the intercept 
a and the gradient b were defined13 as 
1,2 
x2 













where the bar notation indicated the mean value of x and the residual standard deviation 
is defined as 
1/2 
E( y, -y, )2 () `Y/x n-2 5.5 
where 9 are the fitted y values. 
The confidence limits were calculated as 
a±t. sp (5.6) 
b±t. sb (5.7) 
for the intercept and gradient respectively, where t is the two tailed t-distribution for 95 % 
confidence at n-2 degrees of freedom taken from statistics tables 14. In the case of the 
gradient and intercept in these results n= 70, t=1.994. 
With all the same settings as previously a known mass of triazole (50 g) was placed in the 
probe, with 5 sets of data being collected. The mean yo values for FT peak intensity, 
standardized peak intensity, integrated area and standardized integrated area were 
recorded and the predicted mass, xO, was calculated using the appropriate values of a and 





-Y)2 (S. Ü) bmnb E(x, -x)2 
where m is the number of readings (in this case 5), with confidence limits 
xp ± t. sxo (5.9) 
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with at value of 3.182. The same calculations were then carried out for a least squares 
fitting but with zero offset assumed. 
Regression FT peak Standardised integrated area Standardised 
with an intensity FT peak integrated area 
intercept intensity 
Gradient 8370 7080 29570 25303 
Standard 215 274 515 714 
deviation 
Confidence +429 +547 f 1028 t 1424 
interval 
Intercept 8009 9216 -24713 43993 
Standard 9216 11737 22548 31244 
deviation 
Confidence f 18377 f 23403 f 44961 t 62301 
interval 
Confidence 0.9782 0.9526 0.9899 0.9743 
coefficient, r 
yc 398540 375851 1473077 1389215 
Predicted mass 46.66 48.78 50.65 53.16 
X /g 
Standard 2.00 3.03 1.38 2.25 
deviation 
Confidence ± 6.38 f 9.64 f 4.40 t 7.17 
interval 
Tnhte S_'; - Statistics relating to the auantification of triazole calculated assuming a regression with an 
intercept. 
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Regression FT peak Standardised Integrated area Standardised 
through the intensity FT peak integrated area 
origin intensity 
Gradient 8539 7722 29061 26210 
Standard 217 288 539 765 
deviation 
Confidence ± 432 +574 f 1074 +1524 
interval 
Confidence 0.9780 0.9475 0.9898 0.9735 
coefficient, r 
yo 398540 375851 1473077 1389215 
Predicted mass 46.68 48.67 49.76 53.00 
xo /g 
Standard 1.98 2.91 1.44 3.23 
deviation 
Confidence f 6.29 t 9.27 f 4.59 +10.27 
interval 
Table 5.6: Statistics relatine to the ouantification oftriazole calculated assuming a zero offset (regression 
through the origin). 
As foreseen, the integrated area has predicted the mass of triazole most closely and with 
smaller errors in both the offset and non-offset data sets. Unexpectedly, standardisation 
did not improve the errors in any case but did improve the predicted mass from the 
Fourier transformed peak intensity. A more useful standardization set up would be to 
have two thermostatted probes under the same conditions, attached to the same 
spectrometer, whereby a single standardization run could be performed before each 
quantitative measurement, instead of a number of runs before the whole set of 
standardization runs. If there is machine drift across the day, this is not currently picked 
up. A slight inflection in slope near a mass of 30 to 40 g is visible in figures 5.8 to 5.10, 
which may be due to the filling factor, as the 5g packets were packed into the sample 
containers centrally along the length of the solenoid at first but above masses of 40 g the 
triazole packets were placed further towards the edges of the container. Use of a variable 
pitch solenoid should have minimised this affect by providing a more homogenous field. 
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Overall, the results arc good for quantitative prediction, with errors of less than ±5% in 
both integrated area predictions, showing that the 14 N singlet FID signals at 3.787 MIIz in 
triazole can be used to estimate quantity to within this error. Ensuring a true integrated 
area value by baseline correction and Q-damping to inhibit breakthrough are useful, and 
possibly essential, techniques. In cases, such as furosemide, where the signal is weaker 
or there is a doublet, further work must be carried out to sec if similarly accurate 
quantitative analysis can be achieved. 
The confidence limits of the intercepts in all cases show that it is acceptable for the line 
to regress through the origin, as would be expected in this analysis, where a zero mass 
should give a zero signal. The errors in the non-offset data were only slightly greater for 
the gradients than in the offset data, with the errors in predicted mass being slightly 
greater for the area values and slightly less for the Fourier transformed values. 
Accuracy could be increased in a number of ways: increasing the number of calibration 
runs (i7), the number of test runs (m) or simply the number of scans in each experiment 
would all give more accurate results but increase the time taken. Signal processing 
techniques and greater optimization of the pulse sequences could lessen the time taken to 
achieve signals with acceptable signal-to-noise ratios. Zero time resolution methods'? 
could also produce even better results: their disadvantage is that their success relies on 
having suitable values for the relaxation times. 
5.2.3 Mixed samples 
Having demonstrated the ability to quantify samples ofa single material, the next 
challenge was to see if similar results could be generated using mixed samples. A 
number of combinations of samples were looked into, with a view to finding a suitable 
system to which signal processing techniques could be applied. Ideally, the 14N 
frequencies of each material should be in close proximity; the single frequency used to 
excite the samples would be placed at the midpoint between the two NQR frequencies. It 
is important that the nuclei in both samples experience the same field and receive similar 
amounts of energy for the work to allow quantitative analysis. The sine function 
determines the range over which the RF pulse will be effective and the two NQR 
frequencies should lie at points of the same magnitude along either side of the function. 
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5.2.3.1 Sulfapyridine 
Initially, a sulfapyridine combination was suggested as suitable for the work; it is a well- 
studied material with a number of 14N NQR frequencics'8 across a range of polymorphs 
and solvates. The solvate form recrystalliscd from acetone, SPA, with one 
'4N frequency 
at 2.895 MHz and the polymorph obtained from Sigma (which can also be rccrystallised 
from ethanol), SPE, with one '4N frequency at 2.923 Mliz were suggested as suitable 
samples for a mixed-material investigation, with NQR frequencies in reasonable 
proximity to each other. Although a standard set up with the previously used solenoids 
would not cover such a frequency range, damping of the NQR coil with a 10 Ohm 
resistor allowed observation of frequencies up to 70 kliz greater or lesser than the 
incident central frequency, allowing up to a 140 kliz range to be studied. 
Using SPA and SPE as the binary system would demonstrate the ability to observe two 
forms of one drug within a single RF frequency experiment but it was decided that 
although of interest, this combination would not be suitable as a model for quantitative 
work, due to the fairly rapid solvent loss and decomposition over time of the SPA 
polymorph making precise quantification impractical, particularly as the weak 
14N signals 
were being studied (a better choice would be the higher frequency and more sensitive 
"Cl NQR signals). As triazole is known to have strong FID signals at a number of 
frequencies (including those at around 3.793,2.503,2.405,2.257 and 2.1145.6.7.8) and 
already shown to give a linear response, a second material with a14N frequency in close 
proximity needed to be found. 








L-llistidinc, an amino acid with reported 14N NQR frequencies around 2.41 and 2.63 
MHz at 77 K19 was chosen as a potential partner to triazole for quantitative analysis. The 
lower frequency line of histidinc was studied, together with a triazole14N signal around 
2.40 Mhiz in order to see if a histidine/triazolc mixed sample could be shown to give a 
linear response with respect to the mass of each material. 
5.2.3.2.1 14N preliminary studies 
An initial room temperature FID sequence was run to establish the triazole signal in the 
region using the pulse sequence as that in table 5.4. Approximately 80 g of triazole was 
irradiated at 2.400 MHz; a strong FID signal was obtained which on Fourier 
transformation showed a 14 N singlet peak at 2.402 Mliz. 
The same pulse sequence was used to study approximately 80 g of histidinc (again at 
2.400 MHz) but no signal was observed. A PSL sequence was then used (table 5.7) to 
produce the echo seen in figure 5.13. After Fourier transformation and baseline 
correction this yielded a singlet peak at 2.390 MHz (figure 5.14). 
Event 
Pulse length / ps 70 (Phase 0202) 
r delay / ps 800 
Acquisition 128 points / 10 ps dwell (Phase 0202) 
Final delay / ms 4000 
No. of scans 15000 
Excitation frequency 2.400 MHz 






Time / ms 
Figure 5.13: Room temperature histidine PSL 14 N echo at 2400 kHz. 
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Figure 5.14: Room temperature histidine '4N peak at 2390 kliz. 
A steady state sequence (Table 5.8) was used to estimate T, in order to determine the 
recycle time between scans; the experiment which gave the best fit found T, to he 446.9 f 
38.8 ms. 
Event 
90, ffi Pulse / is 70 (Phase 0202) 
Acquisition 512 points /5 is dwell (Phase 0202) 
Dead time Variable - 14 points from I to 3000 ms 
Final delay / ms 20 
No. of scans 5000 
Excitation frequency 2.400 M11z 
Table 5.8: Steady state sequence settings for determination ofhistidinc T, value. 
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Using a PSL sequence echoes could be easily obtained and sustained in long trains under 
the conditions of table 5.7 at least 32 echoes could be sustained. Free induction decay 
signals with sufficient SNR however were not so easily obtained from histidinc. 
5.2.3.2.2 Quantitative studies 
The PSL sequence (Table 5.7 except with time between scans set to 3000 ms) which 
successfully produced large peaks in histidinc was nevertheless used to irradiate a mixed 
sample of triazole and histidine in order to sec if preliminary experiments could produce 
a linear response in the Fourier transformed peak intensity from each sample with regard 
to their mass. 
5g packages of histidine and triazole were prepared as previously and 5 different sample 
combination experiments were carried out at 298 K, with each run being repeated. The 
excitation frequency was set to the midpoint of the two '4N signals, at 2.396 Mtiz. It was 
hoped that the data recorded from this combination of compounds could be used by 
Samuel Somasundaram at King's College London in a modeling process. Signal 
processing using approximative maximum likelihood (AML) algorithms20 (sec chapter 8 
for further details) has been shown to enhance NQR spectra in single material studies and 
it was hoped that the mixed system investigated here would be suitable for this method of 
modeling. 
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Quantitative 14N NQR analysis of a mixed sample 
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Figure 5.15: Peak intensities of the triazole and histidine'4N peaks at 2.402 and 2.390 MHz respectively 
against varying mass of triazole; total mass = 70 g. 
Plotting the Fourier transformed peak intensity against the triazolc mass gave an 
approximately linear response from the small number of data points recorded. For both 
the triazole and histidinc lines (fitted using least squares regression with Excel) there 
appears to be an offset. Further experimental combinations to give 7 to 10 points of the 
graph and possibly the plotting of the integrated area may give a more persuasive linear 
equation for prediction of mass with regard to the '4N NQR signal. Although these initial 
results look quite promising (with some discrepancy in the 40 g triazolc runs) they were 
not continued: triazole did not sustain an echo train eflcctivcly, as is required by the 
model which was potentially going to be used ifthc results were put through for signal 
processing and so another material was looked into which could meet the necessary 
conditions. However, this set of results could be expanded in future and the results 
analysed more thoroughly, as the earlier triazole quantitative experiments were, and they 
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have shown that even in mixed samples NQR has the potential to be used to quantify 
materials. 
5.2.3.3 4-methylimidazole 
Following the echo train suspension problems in triazoic, 4-methylimidazolc (10) was 
investigated as a potential partner to histidinc in the quantification experiments; it 
contains 14N nuclei with one NQR frequency at around 2.47 Mliz21, in relative proximity 




An initial PSL sequence (table 5.7) run at room temperature with an RF frequency of 
2.470 MHz on approximately 50 g of4-mcthylimidazolc was found to yield an echo, with 
Fourier transformation producing a doublet signal with peaks at 2.467 and 2.469 MHz. 
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Figure 5.16: Room temperature 4-methylimidazolc''N doublet peak (2.467 and 2.469 MHz). 
An inversion recovery sequence was then run to estimate the value of the spin-lattice 
relaxation rate, in order to determine the recovery time necessary between scans. 
Event 
90, t Pulse / µs 80 (Phase 20) 
Dead time Variable - 14 points from I to 8000 ms 
Acquisition 128 points / 10 ps dwell (Phase 0202) 
Final delay / ms 8000 
No. of scans 750 
Excitation frequency 2.464 MHz 
9 'able 5.9: Inversion recovery pulse sequence settings used to find methylimidazole T, value 
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Ofthree experiments the spectrum which gave the best fitting exponential lines gave 7'/ 
values of3348 + 550 ms liar the upper line and 4220 +1 148 ms lower line, indicating a 
long recovery time between scans would be needed (up to around 25 seconds) to achieve 
a full signal. Although this seemed that it could be problematic, as long experiments 
would be required to achieve a spectrum with a good SNR, when the PSL sequence was 
run without echo summation an interesting phenomenon was observed (figure 5.17); an 
extremely long echo train could be sustained - 128 echoes could be sustained in a PSL 
sequence with 2r= 1400 µs. 
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Figure 5.17: Room temperature 4-methylimidazole '4N echo train; 
32 echoes at 2474 kHz with 2r -- 1400 is. 
This is a feature which has been observed previously using echo sequences in the study 
of sodium nitrite"; summing of echoes in a PSL echo train is particularly useful in cases 
of materials that have a long spin-lattice relaxation rate as the need to wait 5 Ti for 
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recovery is lessened as the signal is built up via summation. In mixed samples it is 
beneficial but the extent is somewhat dependent of the NQR characteristics of the other 
sample present in the combination. Although 4-methylimidazolc has a somewhat lengthy 
spin lattice relaxation rate, it's ability to sustain echo trains and the NQR frequency in 
close proximity to that of histidine mean that there is potential for use of a histidinc/4- 
methylimidazole mixed sample set of experiments using AML algorithms in signal 
processing. Having established the frequencies, recovery times and echo characteristics, 
the variation of frequency with temperature was also required if the combination was to 
be used in a modeled system. 
5.2.3.4 Temperature coefficients 
As the temperature coefficients are also required knowledge for signal processing the 
variation of the 14N signal frequency with temperature from 10 to 40 °C for triazole, 
histidine and 4-methylimidazole was investigated. An optimized pulse sequence for each 
sample (based on the sequences used in the above experiments) was run three times at 
each temperature for each compound and the frequencies of the '4N NQR signals plotted 
against temperature. From the resulting data the temperature coefficients were 
calculated. 
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Figure 5.18: Frequency variation with temperature from 10 to 40 "C for 14N signals in triazole, histidine 
and 4-methylimidazole. 
A least squares fit using the Excel program gave linear equations of 
Y= -3.37* 10-4 x+2.41 (triazole) 
Y= -1.01 * 10- 
x+2.39 (histidine) 
y= -2.06* 10-tx + 2.47 (4-mcthylimidazolc upper line) 
y= -1.91 *10-4x + 2.47 (4-methylimidazolc lower line). 
from which temperature coefficients of each peak can be seen as the gradient value. 
These were recorded for future use in signal processing algorithms. 
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5.3 35Cl studies 
5.3.1 Furosemide 
Based on the work carried out in chapter 4 on furosemidc tablets, Dr. lain Poplett at 
King's College London, carried out a quantitative analysis of furosemide tablets using 
35C1 spectroscopy23. The 35C1 NQR signals in furosemide at 36.759 Mliz from 40 mg 
Lasix tablets were observed using PSL echo sequences. Standardisation against a known 
sample was straightforward but rarely necessary; in order to generate as homogeneous an 
RF field as possible across the sample, a coil of variable pitch was used. In preliminary 
experiments, a series of eight scans was performed in which the number of tablets was 
increased by two between each scan; the results are shown in table 5.10 and a plot of the 
mean integrated echo intensities against number of tablets in figures 5.19a and 5.19b. 
Following these experiments, one sample consisting of 4 tablets was chosen as an 
unknown; using equations (5.8) and (5.9) and the integrated echo intensity, the mean 
number of tablets was estimated to be 3.82 ± 0.30, with confidence limits of 95 %. These 
were preliminary experiments and could almost certainly be improved by better coil 
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No. of 40 rrg furosenide tablets 
Figure 5.19a and 5.19b. Variation of the 35C1 signal intensity in furosemide from different numbers of40 
mg tablets; in (a) echo amplitude is plotted against the number of tablets, in (b) the integrated intensity is 
plotted on they axis. 
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No. of 40 mg Mean echo Mean integrated Mean SNR 
tablets amplitude intensity 
0 1.9 3.6 1.7 
2 18.9 15.6 4.3 
4 33.9 27.8 8.5 
6 51.2 43.4 12.2 
8 62.3 54.3 10.8 
10 78.9 65.4 14.7 
12 95.1 81.6 19.6 
14 115.0 95.5 24.0 
Tsaht 5.10E Measurement nhtained in Quantitative anal vsis of furosemide tablets using "Cl NQR. 
5.4 Summary 
We have demonstrated that NQR can be used to quantify powder and tablets by using 
both 14N and 35C1 detection with estimation of mass within reasonable errors. The 
triazole14N experimental results underwent a vigorous analysis, and the ability to 
estimate mass from signal response was demonstrated and shown to have reasonable 
errors. Dr. lain Poplett's work showed that similarly, the number of tablets within a 
solenoid could be estimated from the "Cl signal integrated echo intensity. The 
quantification of tablets within a bottle or packet would be of particular interest in the 
pharmaceutical industry in the area of quality control in bottling tablets. Single material 
studies have shown that linear responses with regard to mass can be achieved using both 
free induction decays and pulse spin locked echo signals under suitable conditions, with 
Q-damping and the use of a solenoid of variable pitch being important instrumental 
inclusions in the experiments. The foundations have been set for work with signal 
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6 14N quadrupole resonance in other compounds 
6.1 Chloroquine diphosphate 
Chloroquine diphosphate (protonated at the amine nitrogcns) (11) is primarily used as an 
anti-malarial treatment; it exhibits polymorphism' and this characteristic has been studied 
using the `standard' methods of DSC, TA, IR, XRPD and electron microscopy. It is a 
pharmaceutically well studied compound and is of interest in this work because it 
contains four quadrupolar sites, which gives it great potential for use as a candidate for 
the study of transitional behaviour and polymorphic effects by both 14N and 35C1 NQR 
analysis. Work was carried out on a sample of chloroquine diphosphate in the hope of 
establishing one or some of its NQR frequencies. 
11 
6.1.1 14N studies 
Using the standard '4N experimental apparatus room temperature frequency searching 
was begun. An NQR solenoid consisting of35 turns, length 7 cm, diameter 5.5 cm, made 
previously by Dr. Michael Rowe, with an inductance of46 p11 was placed into the 
temperature controlled probe but with no oil flow through (see chapter 3). A simple FID 
pulse sequence was used with the settings below to search for the room temperature 
14N 
signals from the protonated amine groups between 1.000 and 1.100 MHz (this frequency 
range was selected based on work that found diethyl ammonium chloride and dimethyl 







Pulse / µs 
Acquisition 
Final delay / ms 
No. of scans 
60 




Excitation frequency 1.000 to 1.100 in 10 kII/ steps 
Table 6.1: FID pulse sequence settings in searching tier chloroquine 











Time / ms 
Figure 6.1: Room temperature '4N free induction decay in chloroquine diphosphate following irradiation at 
1045 kHz. 
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Frequency I Hz 
Figure 6.2: Room temperature 1047 kHz '4N signal in chloroquine diphosphate (Fourier transform of 
figure 6.1). 
A strong signal was observed at 1.047 MHz (figures 6.1 and 6.2). 
Bessel plots yielded a 90cä pulse width of 60 ps. The room temperature spin-lattice 
relaxation rate of the 1.047 M} lz Iine was calculated from spectra obtained with the 
following settings in a steady state pulse sequence: 
Event 
90cff Pulse / µs 
Acquisition 
Dead time / is 
Final delay / ms 
No. of scans 
Excitation frequency 
Table 6.2: Steady state pu 
60 (Phase 0202) 
512 points /5 µs dwell (Phase 0202) 




sequence settings to determine chloroquinc T, value. 
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The spin lattice relaxation rate of best fit was found to be 467 ± 79 ms for the 1.045 MI lz 
line. 
The higher frequency (quinolinc 14N) line was then searched for using the following 
settings in a simple FID pulse sequence: 
Event 
Pulse / µs 60 (Phase 20) 
Acquisition 512 points / 10 ps dwell (Phase 02) 
Final delay / ms 1000 
No. of scans 50000 
Excitation frequency 2.470 to 2.570 in 10 kIlz steps 
Table 63: FID pulse sequence settings to find chloroquine higher frequency 
Again, the temperature controlled probe was used at room temperature (i. e. with no oil 
flow through) with a solenoid consisting of 24 turns, with an inductance of 19 tI I. 
Following the observation of a very weak FID signal around 2.530 MlIz, a PSL sequence 
with the following settings was run. 
F Event 
90effpulse length / µs 
r delay / ps 
Acquisition 
130 (Phase 0202) 
Final delay / ms 
No. of scans 
Excitation frequency 
580 













Time / ms 
Figure 6.3: Room temperature 14N PSL single summed echo in chloroquine diphosphate following 
irradiation at 2540 kHz. 
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Figure 6.4: Room temperature '4N Fourier transformed chloroquinc diphosphate signal at 2536 kHz. 
Chloroquine diphosphate 14 N echo signal at 2540 kHz 
Fourier transformation of the PSL signal (figure 6.3) yielded a sharp14N peak at 2.536 
MHz from chloroquine (figure 6.4). 
These brief studies on chloroquinc can be expanded in future work and it is hoped that 
the 35C1 NQR phase I frequency will be determined, as well as the '4N and "Cl 
frequencies in at least one other polymorph of chloroquine, to enable polymorphic 
comparative studies. 
6.2 Dipicolinic acid 
0 
12 
Dipicolinic acid (pyridine-2,6-dicarboxylic acid) (12) is a chelating agent often found in 
bacterial spores and its NQR signals could, in principle, be used to detect bacteriological 
warfare agents (BWA). It has no published NQR data but field-cycling double resonance 
NQR has been used to study the closely related compounds picolinic, nicotinic, 
isonicotinic and dinicotinic acids3 in order to determine their 14N quadrupole coupling 
tensors. 
Using the solenoid as used for the higher frequency chloroquinc signal, the frequency 
region between 2.980 and 3.160 Milz was searched, based on the room temperature 




Pulse / µs 
Acquisition 
60 (Phase 20) 
Final delay / ms 
512 points / 10 µs dwcll (Phasc 02) 
1000 
No. of scans 50000 
Excitation frequency 2.980 to 3.160 in 10 kliz steps 
Table 6.5: FID sequence settings to observe dinicolinic acid N signal. 
A signal was observed around 3.145 Mliz but it appeared to have a rather fast decay time 
leading to a PSL sequence to be used with the following settings: 
Event 
90c ff pulse length / ps 
r delay / ps 
Acquisition 
ý Final delay / ms 
80 (Phase 0202) 
3000 
512 points / 10 is dwell (Phase 0202) 
6000 
No. of scans 5000 
Excitation frequency 3.145 Mliz 
Table 6.6: PSL sequence settings to observe dipicolinic acid 
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Figure 6.5: Dipicolinic acid '4N signal; 32 summed PSL echoes at 3 145 kHz. 
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Figure 6.6: Dipicolinic acid '4N signal at 3146 kHz (Fourier transform of figure 6.5). 
The room temperature spin-lattice relaxation rate of the 14N signal around 3.145 Mllz 
was found using an inversion recovery sequence with the following settings: 
Table 
Event 
90erfPulse / As 80 (Phase 20) 
Dead time Variable - 15 points from 1 to 5000 ms 
Acquisition 256 points / 10 µs dwc11 (Phase 02) 
Final delay / ms 5000 
No. of scans 1000 
Excitation frequency 3.145MHz 
6.7: Inversion recovery seauence settings to calculate T, of the 3.145 MHz dipicolinic aci 
signal. 
d14N 
After three experiments the best spectra produced gave a calculated Ti = 1336 ± 307 ms. 
The following PSL echo sequence, with 2 r= 1480 ps, was used to generate 128 echoes 
and the Tee value found under these conditions. 
Event 
90, ff pulse length / µs 









Table 6.8: PSL sequence settings to calculate Tee for the 3.145 MHz dipicolinic acid "N signal with 2 r= 
1480 µs. 
Tee was found to be 91.72 ± 1.28 ms and the long echo train sustained indicates that this 
material could be further studied using NQR by observation of this signal without overly 
long experimental times, which may have been assumed due to the relatively lengthy 
spin-lattice relaxation rate. 
Final delay / ms 
No. of scans 
Excitation frequency 
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A simple FID pulse sequence was used with the settings below to search for the room 
temperature higher frequency v+ 14N signal, again based on the room temperature 
picolinic acid data=. 
Event 
Pulse / µs 60 (Phase 20) 
Acquisition 512 points / 10 µs dwell (Phase 02) 
Final delay / ms 1000 
No. of scans 10000 
Excitation frequency 3.600 to 3.760 in 10 kHz steps 
Table 6.9: FID sequence settings to observe higher frequency dipicolinic acid '4N signal. 
An FID was observed following irradiation at 3.750 MHz, and Fourier transformation 













1°N signal from dipicolinic acid at 3750 kF 
Frequency / I-t 
Figure 6.7: Dipicolinic acid '4N signal at 3756 kHz (RF radiation at 3750 kHz). 
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It can be assumed that the signal at 3756 kHz is the v+ line, with v. being equal to 3146 
kIiz. vo can be calculated to be 610 kIIz. 
e2Q 
=2 (v,, + v_ (6.1) h3 
2(v+-v_) (6.2) 
(v++v_) 
From the above equations the quadrupole coupling constant, e2gQ/h, can be calculated to 
be 4601 kHz and'', the asymmetry parameter, to be 0.177. Seliger et al3. calculated the 
quadrupole coupling constant for picolinic acid to be 4159 kHz, with an asymmetry 
parameter of 0.347. The QCC is of a similar magnitude to that of dipicolinic acid, whilst 
pyridine has a QCC value of 4584 kHz4, which is very close to that of dipicoline acid. 
63 Diacetylmorphine (heroin) 
6.3.1 Introduction 
This section deals with the first experiments in a detailed NQR study of the narcotic 
heroin (6) with some emphasis on establishing the best conditions for its detection in real 
conditions. The14N signal in heroin (diacetylmorphine) has been studied. Some NQR 
data have already been published for the bases and theoretical work has been carried out 
and found to be in reasonable agreement with experimental NQR data6. The calculation 
consisted of a priori Ilartree-Fock-Roothaan estimates using the Gaussian92 program 
with the D95U basis set for the isolated molecule and coordinates for the heavy atoms 
from the X-ray crystal structure analysis? and yielded a quadrupole coupling constant of- 
4.906 MHz and an asymmetry parameter of 0.054, compared with experimental values at 
room temperature for the crystalline material of 5.305 MHz and 0.02 18. Unpublished 
work has been carried out at King's College, London, to determine frequency and 





It should be noted that the literature reports the existence of two different polymorphic 
forms of heroin base. The first known form, which is presumably the most common, is 
orthorhombic with space group P212121 and Z= 47. Its hexagonal crystals can be 
prepared from an aqueous solution of the hydrochloride by adding sodium acetate. X-ray 
crystal structures have been published for both polymorphs7,10; in both, the nitrogen ring 
is in the "chair" form. There is only one type of nitrogen in the unit cell of the 
orthorhombic form, which contains 4 identical molecules, whereas the monoclinic form 
has two different molecules in the repeat unit and therefore two different types of 
nitrogen in the crystal. Therefore only one set of three 14N transitions should be observed 
for the orthorhombic form but in the case of the monoclinic form each line should be split 
into a doublet. It seems that all NQR experiments carried out so far have been on the 
more common orthorhombic form, as no doublets have been reported. 
The experiments were carried out on a 66 g sample of the orthorhombic form supplied by 
DSTL at Fort Halstead. Its purity was checked by elemental analysis; 
Element Calculated % Found 
C 68.9 68.11 
H 5.46 6.24 
N 3.83 3.71 
224 
Previous 14N data for this material are summarized in table 6.8. The present experiments 
were designed to check these values of frequencies and relaxation times, and in particular 
check the values of Tee, the multipulse echo decay time in a pulsed spin locking (PSL) 
sequence and its dependence on pulse spacing. Maintaining the echo train is important 
commercially, as the greater the number of echoes that can be summed, the better signal 












v+ 4007 5305 0.021 7.7 0.26 t 0.05 524: k 150 6: h 3 11 f 2* 
V. 3951 6.7 0.30±0.05 396 ±300 10±3 16f2* 
V+ 4006.0 5304 0.021 9.1 - - - - 
V. 39502 7.8 - - - - 
v+ 4025 5317 0.028 Several - <1000 > 0.1 - 
V. 3950 
kHz 
- 400 - 
V+ 4026 5317 0.029 - - - - - 
V. 3950 - - - - - 
Table 6.10: Previous room temperature data for heroin base. Results for Tze (denoted by *) were obtained 
on resonance with 2 r=1.1 ms. 
63.2 14N Tie experiments 
Tee values were calculated for the 66 g sample of heroin at further values of 2r The 
decaying echo trains were obtained by means of pulsed spin locking sequences at 
resonance frequencies of 3.951 and 4.007 MHz, values which agree with previous results 
obtained at King's College8' " 12 but not with work by Grechishkin and Ya Sinyavski5 
and Garroway13. The 90, ff pulse widths were optimised and the experiments run on 




90ers Pulse / µs 
Acquisition 
Final Delay / ms 
No. of scans 
Frequency / MHz 
2r=1.74 ms 
100 
128 points / 10 µs dwell 
2000 
30000 
3.951 / 4.007 
2r=0.8ms 
50 
128 points /5 µs dwell 
2000 
30000 
3.951 / 4.007 
Table 6.11: PSL sequence settings used to find Tee at two values oft r. 
The magnitude at the peak of each echo was plotted and fitted to an exponential curve 
using Excel (figures 6.7 and 6.8) and the errors represent the range of values obtained 
over 3 experiments. 
The results in table 6.12 show that the change in a single exponential Tee with 2rbetwecn 
0.8 and 1.74 ms for both heroin lines appears to be insignificant. 
v+: 4.007 MHz 
2r/ms Tee /ms 
0.8 18±2 
1.1 11±2* 
1.74 13.5 ±1 
v-: 3.951 MHz 
2r/ms T2e/ms 
0.8 15.5 ±1 
1.1 16±2* 
1.74 13.5 ±1 
I awe o. u: 12e vaiues ror various z rspacings. Kesuiis uenoteu vy - pi vivubiy uu4Icu . 
However there is some evidence in figures 6.8 and 6.9 that the decays are actually 
biexponential, although approximately 100 points or more would be needed to give a 
confident fit. This feature is being further studied. 
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Figure 6.8: v_ line data points for 2 r=1.74 ms; the continuous line is a single exponential fit with T'e = 
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Time / ms 
Figure 6.9: v, line data points for 2 r= 0.8 ms; the continuous line is a single exponential fit with Tee = 18 
f2 ms. 
227 
w ýV ýý/ GV GJ VV VV ýV 
Time / ms 
Further Tee studies were carried on heroin base, investigating bicxponential behaviour 
and shortening 2r The spectra achieved at 2 rvalues of 1.74 and 0.8 ms were analysed 
again. The echo train was separated into individual echoes and each was echo Fourier 
transformed. The peaks of the `real' points were exported to pro Fit and functions were 
fitted using the Levenburg-Marquadt algorithm, as for furosemide. The average Tee 
values calculated using pro Fit can be seen in table 6.13. 
Frequency /MHz 3.951 4.007 
2r/ms 0.8 1.74 0.8 1.74 
T2e/ms 14.98±0.44 15.33±0.71 16.23±0.26 16.10±0.46 
Table 6.13: Room temperature heroin base Tie values calculated using pro Fit. 
Further Tee experiments were carried out for both the 3.951 and 4.007 MHz lines at room 
temperature, with a2 rvalue of 550 is, using the sequence in table 6.14. In order to 
achieve short 2rvalues, Q-damping was necessary to enable shorter dead times. The 
dwell times were also reduced from previous experiments. 
Event 
90efpulse / µs 
Acquisition 
Final Delay / ms 
100 (Phase 0202) 
No. of scans 
Frequency / MHz 
128 points /3 ps dwell time(Phase 0202) 
2000 
30000 
3.951 / 4.007 
Table 6.14: Pulse sequence used to find Tee by generating sequential echoes; 2 r= 55U µs. 
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Room temperature T2e plot for the 3.951 MHz line 
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Figure 6.10: Heroin base; "N 3.951 MHz Teeplot, where 2 r= 550µs; Tee= 18.52: L 0.31 ms. 
Room temperature T2 e plot for the 4.007 MHz line 
in heroin; 2r = 0.55 ms 
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Figure 6.11: Heroin base; 14N4.007 MHz Tee plot, where 2r= 550µs; Tee = 20.77 f 0.65 ms. 
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The Tee average value (over 3 experiments), with 2, r= 550 µs, was 18.30 ± 0.42 ms for 
the 3.951 MlIz line and 20.32 ± 0.61 for the 4.007 MHz line. The usual trend of 
increased Tee with decreasing 2r was observed and the data for each line was plotted 
(figures 6.12 and 6.13). 
Room Temperature Tee vs. 2z plot for 14N 3.951 
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Figure 6.12: Heroin base 14N 3.951 MHz room temperature Tee vs. 2 rplot. 
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Room Temperature T2 e vs. 2z plot for 14N 4.007 
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Figure 6.13: Heroin base 14N 4.007 MHz room temperature Tee vs. 2 rplot. 
These results demonstrate the need to optimise pulse sequences in NQR, particularly in 
real life situations, such as in a search by Customs and Excise for narcotics, in order to 
decrease the experimental time needed to give spectra with a good SNR. Decreasing the 
time between pulses in an echo train will help to sustain a longer echo train, allowing a 
greater number to be summed, thus decreasing the number of scans necessary to achieve 
a good final yes/no result. The real increases are clearly observed when 2 rvales arc 
below 0.5 ms, emphasizing the need to improve Q-damping performance in order to 
minimise dead times. 
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7 The theoretical calculation of quadrupolar parameters 
7.1 Introduction and theory of Gaussian calculations 
One of the major hurdles in commencing NQR experiments is the determination of the 
NQR frequencies of previously uncharacterised materials. Although resonant frequencies 
can be predicted somewhat by comparison with nuclei in similar environments or 
functional groups or by approximate, semi-empirical theories such as that of Townes and 
Dailey, ' the highly sensitive nature of NQR which advantageously allows for unique 
identification may prove a hindrance in initial experiments. 
The objective of this chapter was to see how closely ab initio theoretical calculations of 
the quadrupole tensor matched experimental values in the solid state, given the X-ray or 
neutron crystal structure. By inputting the atomic coordinates of a system the electric 
field gradient and cigenvalues can be calculated, from which the quadrupole coupling 
constant, asymmetry parameter, NQR frequency and direction cosines can be calculated. 
The electric field gradient (EFG) is a second rank tensor which can be represented by a 
traceless matrix. The eigenvalues are the characteristic values of the matrix and define 
three mutually perpendicular directions which give the principal axes of the tensor with 
respect to the molecule-based axes used in the calculation. 
Gaussian 98TM 2 is a program that calculates semi empirical and ab initio molecular 
orbitals, which can then be used to predict molecular properties and reactions. 
Mathematical approximations are used to solve the Schrödinger equation, in this case, 
from the known structural information3. The atomic coordinates of a system are inputted, 
e. g. from the X-ray crystal structure analysis, along with the overall charge and 
multiplicity. The `instructions' as to which model to use to calculate the molecular 
orbitals and what to predict are set by the operator at the beginning of a command file. In 
this case the program was told specifically to generate quadrupolar data and the electric 
field gradients. The self consistent field (SCF) Ilartrec-Fock (HF) method was used in all 
calculations. SCF theory uses first principles (ab initio) to solve the Schrödinger 
equation in an iterative manner. In the Hartree-Fock method a molecular orbital 
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approximation is used to solve the equation and a basis set, which must be specified by 
the user, represents the molecular orbitals. 
As discussed in chapter 2, the quadrupole coupling constant, defined as e2gQ/h in MHz, 
can be calculated as follows4: 
QCC (MHz) = -234.9647Qq (7.1) 
where Q is the nuclear electric quadrupole moment in Barn (10"28 m2) and q is qmm, the 
maximum principal component of the electric field gradient at the nucleus in atomic 
units. A negative sign is present in equation (7.1), unlike in the referenced literature, as 
the Gaussian programme produces q values with the opposite sign. 




where qyy and q, are the two remaining principal components of the electric field 
gradient, where qa >_ qyy >_ qxx. 
For 35C1, a spin- /2 nucleus, the quadrupole resonance frequency can then be calculated 
from the equation 
vQ =2 QCC(1 + 
772 )) (7.3) 
The nuclear electric quadrupole moment for "Cl is assumed to be -81.65 mB5. 
For a nucleus with spin I=1, such as 14N, the following equations are used 
V. =4QC 1+3 (7.4) 
v,, =4QCC 1-3 (7.5) 
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vz = 2QCCi (7"G) 
The nuclear electric quadrupole moment for 14N is assumed to be 20.44 mB5. 
Using the above equations simultaneously, the asymmetry parameter can be calculated 
from the observed NQR frequencies in solids. 
7.2 Heroin hydrochloride monohydrate 
As well as security applications regarding explosives, another main area of interest in 
NQR is in the detection of narcotics, and many materials such as ecstasy (MDMA 
hydrochloride)6, cocaine base7, cocaine hydrochloride7 and heroin base8'9 and have 
already been studied. 14N signals have been reported using pure NQR in cocaine, cocaine 
hydrochloride and heroin, but the pure, zero field NQR14N frequencies in heroin 
hydrochloride monohydrate have yet to be observed using this method. 
Little NQR work has been published on heroin hydrochloride monohydrate; a double 
resonance experiment conducted at 20 K gave just one broad response near 1.08 MHz, 
assigned to 14N. No other signals were detected1°. In this chapter more detailed cross 
relaxation and double resonance by level crossing spectra have been obtained and the 
experimental characteristic values found compared with those predicted theoretically. 
Much of the work in this chapter was included in the published article `The unusual solid 
state structure of heroin hydrochloride monohydrate and its selective detection using 
NQR spectroscopy" I. 
7.2.1 Double resonance measurements 
7.2.1.1 Cross relaxation 
7.2.1.1.1 Method 
A room temperature cross relaxation spectrum was obtained by David Stephenson at the 
University of the West Indies. A high field (20.10 MHz) residence time of 10 s was used 
with 0.07 s in low field; the baseline corrected spectrum is shown in figure 7.1. 
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7.2.1.1.2 Results 
l1 5 H) 10(H) 1511/1 2000 2500 
frequency (kllt) 
Figure 7.1: Cross relaxation spectrum of heroin hydrochloride monohydrate. 
A clear broad peak just below 2000 kHz can be seen, assigned to overlapping "Cl and 
37C1 lines broadened by the applied magnetic field. A fit to the observed line shape 
shown by the lower curve in the figure, gives a "Cl quadrupole coupling constant of 3.81 
MHz and asymmetry parameter of 0.4, predicting a zero-field frequency of 1.950 MHz. 
7.2.1.2 Level crossing 
7.2.1.2.1 Method 
Double resonance by level crossing (DRLC) experiments were carried out at Dr. Anthony 
Horsewill's laboratory at the University of Nottingham. The applied magnetic field of a 
superconducting solenoid, continuously powered by a fast switching power supply rated 
at 15 V and 160 A so that the magnetic field was proportional to the instantaneous 
current, was switched at a rate of 8T s'1 from the observation field, B,,,,,, of 0.627 T 
(corresponding to a'11 NMR frequency of 26.7 MHz) to zero field, where it was 
irradiated by a frequency-swept radiofrequency with a Bi field of about 0.2 mT. The 90 ° 
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pulse employed to record the signal had a duration of 1 µs and the total dead-time was 4 
µs. The sample temperature was 4.2 K. The NMR sequence used in the DRLC 








POLARISATION IRRADIATION, v, f MEASUREMENt 
Figure 71: NMR sequence used in DRLC experiments. 
7.2.1.2.2 Results 
Areas of interest could be seen in the low resolution spectrum (figure 7.3). Higher 
resolution spectra were produced for these regions and clear, well resolved doublets were 
observed near 0.957 and 1.035 MHz (figure 7.4), assigned to v. and v+ for 14N; there was 
also a broad apparent doublet, near 1.965 MHz (figure 7.5), assigned to 
35C1, in good 
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Figure 7.5: Higher resolution level crossing spectrum of 35 CI region. 
7.2.2 X-ray crystallography 
7.2.2.1 Method 
The X-ray crystal structure of heroin hydrochloride monohydrate was unreported prior to 
our experiments. As the atomic coordinates were needed to complete the theoretical 
calculations, X-ray crystal structure experiments were conducted by Dr. Jon Steed at 
King's College London on a Nonius KappaCCD diffractometer using MoK, I radiation 
with a sample temperature of 120 K, using a crystal of diamorphine hydrochloride BP, 
obtained from Macfarlen-Smith, which had been slowly recrystallised from ethanol. 
7.2.2.2 Results 
An unusual unit cell and molecular arrangement were found for heroin hydrochloride 
monohydrate (figure 7.6). The crystal system was found to be tetragonal, with a P41 
space group. Z=8 and the unit cell dimensions were a=7.5335(2) A, h=7.5335(2) 
A, 
= 71.976(4) A, a=V7= 90 0. the molecules are arranged on a four-fold helix of pitch 
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72.0 A with its axis parallel to the c axis, requiring a total of eight molecules in order to 
complete one turn. (See Appendix A for full X-ray crystal structure data) 
7.2.2.3 Discussion 
Having the space group P41, the two Cl- anions are crystallographically non-equivalent; 
they should yield a peak for each in the 3SCl. Indeed, a doublet structure is observed, 
with peaks at 1.950 and 1.965 MHz, in the higher resolution double resonance spectra 
(figure 7.5); this splitting (15 kHz) is consistent with a slight symmetry breaking. 
The high resolution spectrum of the '4N frequency region (figure 7.4) also shows doublet 
structures, as predicted by the X-ray crystal structure data. The v+ doublet (around 
1.035) has a splitting of6.5 kHz and v_ peaks (around 0.957 MHz) have a splitting of 5.7 
kHz. The upper 14N doublet is also in agreement with earlier work in which a broad 
signal was observed around 1.08 MHzo ' 
Figure 7.6: Heroin hydrochloride nionohydrate helix. 
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7.2.3 Quadrupole coupling constants and frequency prediction 
7.2.3.1 Dichlorine monoxide as a sample material 
An initial simple test model was used as a trial to see how closely theoretical predictions 
agreed with practical values and also to become familiar with the methods needed in 
using the Gaussian98 programme. Using the bond lengths and angles for dichlorine 
monoxide in the gas phase derived from microwave spectroscopy12 the asymmetry 
parameter and QCC were calculated, running the Gaussian programme with a basis set of 
3-21 G, and compared to known literature values in the gas phase13 of 0.06 and -140 Mllz 
respectively. With the cigenvalues, q., q}, yand q, , generated 
by the Gaussian program, 
the theoretical values for C120 were found to be 0.031 and -114 Mliz for the asymmetry 
parameter and the QCC respectively. Compared with the microwave values above, this is 
rather poor agreement, corresponding to a 20 % error in the QCC; however, there are 
limitations to the accuracy in the model used, for example the neglect of the effects of 
molecular vibrations. The larger the basis set used, the more accurate the model and the 
better the prediction, although the computer cost is greater. 
7.2.3.2 Heroin hydrochloride and cocaine hydrochloride preliminary calculations 
Following the above gaseous phase calculations, cocaine hydrochloride14 and heroin 
hydrochloride monohydrate in the solid state were studied. The atomic fractional 
coordinates were converted to Cartesian axes and used to calculate the EFG and 
asymmetry parameter. In the case of heroin hydrochloride the atomic coordinates for two 
molecules were inputted, introducing some constraint to the system, but the model was 
still fairly approximate as it neglected the effects of the polarisation of the medium which 
could influence the charge distribution around the quadrupolar nuclei, the so-called 
Lorentz field. In the case of cocaine hydrochloride, only one molecule was used in the 
calculation. 
7.2.3.2.1 Method 
A simple basis set was used above to study the simple compound dichlorine monoxide. 
However, there are a number of basis sets available for use in the Gaussian98TM 
programme. The STO-3G basis set is an example of a minimal basis set, using fixed size 
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atomic-type orbitals. It can be used for elements up to Xc but such a simple basis set 
would not be expected to give accurate results for larger compounds. Split valence basis 
sets increase the number of basis functions by having more than one size of basis 
function for each orbital. 3-21 G, 6-21 G and 6-31 G are examples of split valence basis 
sets, with polarization functions (d), (d) and (3df, 3pd) respectively. The allowance for 
polarization into extra orbitals increases the accuracy of the model, as in reality, such 
restrictions on electron location are not present. The three mentioned basis sets were 
used to carry out calculations for heroin hydrochloride monohydrate to observe the effect 
on the accuracy of prediction, whilst only the 6-31G basis set was used for cocaine 
hydrochloride. In all cases the calculated frequency is the single allowed transition in 
35Cl or the v+ transition in 14N, calculated using equations (7.3) and (7.4) respectively. 
Note that the theoretical calculations give the sign of the quadrupole components, 
information that is not usually available from pure NQR experiments. 
7.2.3.2.2 Results 
Compound Basis Nucleus )7 (calc. ) QCC/MLiz Frcq. /MHz (calc. ) 
Set (calc. ) 
HerHCI 3-21G N(1) 0.07 -1.708 1.320 
C1(2) 0.65 6.559 3.500 
N(2) 0.17 -1.761 1.408 
C1(1) 0.99 5.666 3.260 
6-21G N(1) 0.07 -1.709 1.322 
Cl (2) 0.43 5.845 3.011 
N(2) 0.17 -1.765 1.411 
C1(1) 0.83 -5.216 2.893 
6-31G N(1) 0.11 -1.652 1.295 
C1(2) 0.36 5.776 2.950 
N(2) 0.21 -1.716 1.388 
C1(1) 0.92 -4.017 2.275 
CociCI 6-31G N 0.37 -1.668 1.417 
C1 0.31 -8.739 4.438 
Table 7.1: Summary of the results from a Gaussian 98 calculation of the quadrupole parameters in Heroin 
hydrochloride monohydrate and cocaine hydrochloride. 
242 
7.2.3.2.3 Discussion 
The cocaine hydrochloride experimental values ('i = 0.263, QCC = 1.18 MHz, v+ = 0.961 
MHz for the nitrogen and '=0.2, QCC = 5.02 MHz, vQ = 2.531 MHz for chlorine) were 
found by Ycsinowski7; they are not in good agreement with the calculated theoretical 
values. This maybe because only one molecule is present in the calculation and the 
hydrogen positions are not well known. 
In the case of heroin hydrochloride monohydrate, N(1) and C1(2) should be the nuclei 
with more reliable values; they have the most accurately known environment in the 
Gaussian system as the two water molecules involved in hydrogen bonding to Cl(2) are 
included in the calculation and the amine N(1) hydrogen is also hydrogen bonded to 
Cl(2). However, as we see from Table 7.1, the calculated frequencies for the v+ line of 
the N(1) nuclei, ranging from 1.295 to 1.320 MHz, arc not in good agreement with the 
experimental value of 1.035 Mliz, found by DRLC by Anthony llorscwill. The 
experimental asymmetry parameter for 14N in heroin hydrochloride monohydrate was 
calculated, using the v+ and v_ values of 1.035 and 0.957 MHz (figure. 7.4) to be 0.116, in 
reasonable agreement with the low asymmetry parameter calculated at the highest basis 
set (0.11). The QCC was calculated to be 1.341 MHz; again, in rather poor agreement 
with the Gaussian values for N(1) and N(2) which range between 1.65 and 1.77 Mllz 
across all 3 basis sets used. 
The calculated values of the QCC and the vQ frequency for "Cl are in rather poor 
agreement with the experimental values; however, as the basis set increases, allowing for 
greater polarization, the theoretical value tends towards the experimental. As the chlorine 
is a large anion it was necessary to run a calculation with a larger basis set which includes 
diffuse functions, as this will allow for electrons being far from the nucleus. This, and 
other improvements in the model, are discussed in the next section. 
7.2.3.3 Heroin hydrochloride monohydrate; the final calculations 
One important problem is that the X-ray crystal structure analysis, as expected, gives too 
short a value for the N-1i bond length; consequently the coordinates of the hydrogen 
atoms involved in the hydrogen bonds were altered to give more realistic bond distances, 
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based on known hydrogen bond data. A spreadsheet was set tip to generate altered 
atomic coordinates, corresponding to the change in bond length, with the only required 
input being original coordinates of both atoms and the desired bond length. The 
hydrogen was positioned at the same angle relative to the hctcroatom it was classically 
bonded to previously. 
Figure 7.7: X-ray crystal structure of heroin hydrochloride monohydrate. 
7.2.3.3.1 Method 
The coordinates for both of the main morphine cations were entered, together with the 
central Cl(I ) and Cl(2) anions and the water molecules immediately hydrogen bonded to 
the central CI(1) and Cl(2). This was done so that the environment around the 
quadrupolar nuclei was as `true' as possible. The two `outer' Chlorine atoms were not 
included in the calculation, neither was the water molecule lowermost in figure 7.7. 
Using a lower basis set, the effect of changing the bond length on the quadrupole 
coupling constant (QCC) and asymmetry parameter, 17, was investigated. The X-ray 
crystal structure indicated that one of the O(2S)-ll bonds was significantly longer than 
the others and so this was taken into account by using a simple basis set, STO-G, to 
calculate the effect of changing the bond length on QCC and 'i. 
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0-11 Bond length Atom )7calc QCCcatc 
(A) (Mliz) 
0.98 C1(1) 0.199 5.123 
Cl(2) 0.549 8.658 
N(1) 0.058 1.615 
N(2) 0.150 1.448 
1 Cl(1) 0.206 7.319 
C1(2) 0.450 7.478 
N(1) 0.553 1.326 
N(2) 0.317 1.033 
1.02 Cl(1) 0.209 7.329 
C1(2) 0.512 7.338 
N(1) 0.555 1.323 
N(2) 0.317 1.034 
1.04 C1(1) 0.212 7.339 
Cl(2) 0.581 7.189 
N(1) 0.557 1.319 
N(2) 0.316 1.036 
1.06 C1(1) 0.215 7.349 
C1(2) 0.658 7.032 
N(1) 0.561 1.314 
N(2) 0.315 1.037 
1.1 C1(1) 0.222 7.393 
C1(2) 0.567 6.699 
N(1) 0.838 1.305 
N(2) 0.315 1.039 
ý. inns IT 
Table 7.2: Comparison of >) and QCC values for heroin hydrochloride monohydrate with varying UIbal-ri 
bond lengths, calculated using Gaussian98TM. 
245 
A 
The 1.02 A calculation gave similar QCC values for CI(1) and CI(2) in the STO-G 
calculations (table 7.2). The coordinates were adjusted accordingly. The bond length 
was changed so that the 11611 angle was the same as the crystal structure suggested, i. e. 
the bond was lengthened or shortened along the same line as the bond. The N-Il bond 
lengths were set to 1.0 17 A, based on known hydrogen bond data's. 
Finally, since Gaussian98TM is intended for gaseous calculations, the introduction of 
constraints in the system is desirable. The calculations were run with the basis set 6- 
31+G*, a polarised basis set, allowing orbitals to change size by adding orbitals with 
extra angular momentum, i. e., adding d functions. 6-31+G* also includes diffuse 
functions, allowing greater occupancy of space by the orbitals, important in this case 
because of the large chlorine anions, where the electrons arc not close to the nucleus. 19 
basis functions arc used per first row atom and 2 are used per hydrogen. The theoretical 
calculations were run on the two non-equivalent molecules and the quadrupole coupling 
constant (QCC) and asymmetry parameter, q, were calculated for each 
14N and 35C1 atom 
from which the NQR frequencies were predicted (v+ and vQ respectively). 
It was decided to run two calculations, one with all 0-I1 lengths set at 0.98 A and another 
with all 0-11 bond lengths set to 0.98 A except the 0(2S)-H bond, which was set to 1.02 
A. 
7.2.3.3.2 Results 
Atom I QCC (MHz) v+ / vQ (Mliz) 
C1(1) 0.311 -4.076 2.070 
Cl (2) 0.827 5.388 2.990 
N (1) 0.098 -1.575 1.230 
N (2) 0.142 -1.399 1.110 
Table 7.3: Theoretical NQR values for heroin hydrochloride calculated using Gaussian98, where all 0-1 
bond lengths a 0.98 A; 0(2S)-H bond length - 0.98 A. 
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Atom QCC (MHz) v+/ vu (MHz) 
C1(1) 0.338 -4.123 2.100 
C1(2) 0.677 5.311 2.851 
N (1) 0.146 -1.560 1.219 
N (2) 0.126 -1.460 1.113 
Table 7.4: Theoretical NOR values for heroin hydrochloride calculated using Gaussian98, where all 0-1 
bond lengths - 0.98 A except 0(2S)-1l bond length - 1.02 A. 
7.2.3.3.3 Discussion 
The room temperature double resonance spectra of the heroin hydrochloride monohydrate 
(figures 7.3,7.4,7.5) show clear minima which allow comparison with the theoretical 
calculated values. The dip at 1965 kHz is assigned to Cl and this frequency is in good 
agreement with the predicted vQ frequency for Cl(1), 2070 kHz with the 0(2S)- 11 bond 
length = 0.98 A and 2100 kHz with the 0(2S)- 11 bond length = 1.02 A, found using the 
Gaussian98TM program. 
The asymmetry parameter was estimated by David Stephenson to be around 0.4 and this 
is in good agreement with the values of 0.311 and 0.338 obtained theoretically. The 14N 
dips at 957 and 1035 kHz in figure 7.4 are in reasonable agreement with the theoretical 
values of 1230 / 1219 and 1110 / 1113 kHz for N(1) and N(2) respectively. The low 
asymmetry parameters of 0.098 / 0.146 and 0.142 / 0.126 are also what would be 
expected for the nitrogen sites in heroin hydrochloride, having an approximately trigonal 
axial environment. 
The higher resolution spectra, obtained by frequency stepping in smaller amounts, show 
resolved doublets for the 14N lines (figure 7.4) and the "Cl line (figure 7.5) with a 
splitting of 7,9 and 20 kHz for the signals around 957,1035 and 1965 kHz respectively. 
As mentioned earlier; this may be due to the slight differences in environment The 
doublet structure seen in the level crossing spectra may be attributable to dipolar 
interactions between the quadrupolar and hydrogen nuclei. It is possible to calculate 
quantum mechanically a theoretical value for this splitting and this could be investigated 
in further studies. Dr. Horsewill reported that he was not able to switch to exactly zero 
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field in the double resonance experiments; there is a possibility that the doublet structure 
is due to Zeeman splitting by this small field, 
The theoretical NQR values for Cl (2) are quite different to those for Cl(1) in both 
calculations. With QCCs of 5.388 MHz (0.98 A) and 5.311 MHz (1.02 A) and 11 having 
values of 0.827 and 0.677, the predicted vQ frequencies are 2.99 and 2.851 Mliz in 
comparison with the observed doublet at 1.965 MHz. This region could be further 
studied by cross relaxation to see if there are any additional quadrupolar features, 
although there are no obvious features in this region in figure 7.3. However, as the scan 
was only run to 3 MHz, which is very close to the predicted frequencies, a further 
experiment covering a slightly higher range may prove useful. 
7.2.3.3.4 Conclusion 
For '4N, the two sets of results are in reasonable agreement, bearing in mind that thermal 
motion effects have been neglected and the experimental assignment for the observed 
doublets has been made to optimize the agreement between the asymmetry parameters 
rather than the quadrupole coupling constants. The predicted NQR frequencies are 
sufficiently close to experiment, bearing in mind the neglect of temperature effects, to be 
used as preliminary estimates when frequency searching for unknown resonances. 
For "Cl, the agreement is less satisfactory, largely because the electric field gradients at 
this ion are governed by the positions of hydrogen-bonded hydrogen atoms, which are 
imprecisely located in the X-ray crystal structure analysis. The main uncertainty lies in 
the position of the O(2S)-11(2S 1) hydrogen atom, which strongly affects the electric field 
gradient at Cl(2); the X-ray value for the C1(2)"'11(2S1) bond length (1.16 A) is 
anomalously long and suggests that the 11 coordinates arc unreliable. The quadrupole 
parameters at Cl(1) arc better reproduced and predict an NQR frequency of 2.071 Mllz 
compared with mean values of 1.965 and 1.950 MHz from experiment at 4.2 K and room 
temperature respectively, which should be regarded as unexpectedly good agreement. 
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7.2.4 Direction cosines 
7.2.4.1 Method 
As well as calculating the magnitude of qty, it is also useful to know the direction of the 
electric field gradient by calculating the direction cosines. It can be shown that the 
electric field gradient at the origin, due to a charge, e, at point (x, y, z) at distance r is 
3x2 -r2 3xy 3zx 
e 3xy 3y2 -r2 3yz 
3zx 3yz 3z2 - r2 
The values for the field gradient tensor were extracted from the Gaussian results and the 
directional cosines calculated using Matlab. The field gradient values for the matrix are 
inputted for each atom and the command eig is run. The eigenvectors (direction cosines) 
and eigenvalues (q. qyy, q. ) are out put. The eigcnvalues can be easily verified with the 
Gaussian-produced values to check the calculation. The position of the maximum 
principal component (qa) with respect to a bond within the molecule or along a vector 
can then be established. 
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7.2.4.2 Results 
Atom Eigenvcctors w. r. t. 
C1(1) 0.9921 -0.0046 0.1256 11(2) 
0.0818 -0.7826 0.6171 
-0.0955 0.6225 0.7768 
CI(2) 0.9889 0.1322 0.0676 11(1) 
0.1418 -0.7061 - 0.693 8 
0.0440 -0.6957 0.7170 
N(1) 0.0186 -0.4676 -0.8838 11(1) 
-0.8877 0.3991 -0.2298 
-0.4601 -0.7888 0.4076 
9u 0 9, y 
-0.212 23.3 0.139 
0.281 70.3 -0.257 20.2 0.024 85.8 
0.328 2.86 -0.180 90.0 -0.148 87.1 
0q0 
86.4 0.073 68.4 
N(2) 0.3731 -0.1176 -0.9203 11(2) 0.291 2.79 -1.166 
65.1 -0.125 87.2 
-0.7274 -0.6528 -0.2115 
0.5759 -0.7483 0.3292 
Table 7.5: Calculated eigenvectors, eigenvalues and their angles with respect to bonds (Cartesian 
coordinates) of the quadrupolar nuclei in heroin hydrochloride monohydrate. 
7.2.4.3 Discussion 
The direction cosine results for heroin hydrochloride were as expected for '4N, with a 
small angle between the N-11 bond and the maximum principal component of the electric 
field gradient (2.86 ° and 2.79 ° for N(1) and N(2) respectively). This is chemically 
predictable, as the asymmetry parameter of 14N is low, and qa would be expected to be 
close to the N-fi bond. The 35C1 results are less consistent, as seen for previous 
calculations. 
7.2.4.4 Conclusion 
The objective of the present work was to find a good theoretical model to give reliable 
NQR frequencies in the solid state, so reducing the time taken in searching for unknown 
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frequencies. Further work needs to be done on refining the theoretical models used; 
although they so far have yielded values with rather larger than expected errors; a neutron 
structure analysis is needed rather than X-rays to achieve reliable hydrogen coordinates. 
In cases where the NQR frequencies are unknown values within 25 % may be helpful in 
providing a starting point from which to search for signals experimentally. 
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8 Future perspectives and summary 
8.1 Future perspectives 
NQR analysis has potential for use at all stages of manufacture. During synthesis of the 
API the formation of the solid NQR-sensitive product could be monitored, with 
quantification being especially useful at this stage. Once formed, crystal quality and 
compression effects could be assessed by linewidth measurements; changes in the 14N 
linewidths across the furosemide tablet and powder experiments indicate there may be the 
possibility of determining experimental conditions and from this, point of manufacture or 
batch. 
Post-production, the mass of API within a single tablet can be monitored and on 
packaging the total mass can be estimated, from which the number of tablets contained 
within a container calculated, allowing quality control checking of strength and amount. 
Degradation of the active pharmaceutical ingredient, or indeed any NQR-scnsitive 
component of a formulation, could be easily monitored over time, provided that the 
experimental time is suitably rapid compared to the degradation timescale. Such 
experiments could be carried out in situ or otherwise. Long term degradation in response 
to the storage environment could also be monitored to observe the effects of temperature, 
humidity or air on the sample material, even whilst still sealed in their original packaging. 
Turnover from one polymorph to another could be monitored in a stirred slurry, although 
again the experimental time would need to be suitably short in comparison to the turnover 
timescale. If NQR were to become a more commonly used analytical technique in 
pharmaceutical industry such an instrument could be used in hospitals, to check 
medicines and by retailers in checking shelf life and specifically designed 
instrumentation would be required. Commercially, a pulsed NQR spectrometer could be 
made having a `Yes/No' capability based on an AML algorithm with suitable software 
providing real time operation; with little sample preparation needed it would be easy to 
use, portable, and suitable for use in the end stages of manufacture and quality control. 
In the research and development stages, NQR spectrometers which allowed automated 
frequency searching could be made to allow for faster initial characterisation of materials. 
Exploiting the tendency for signal strength to increase with increasing frequency for 
example 35C1 in organic compounds giving signals around 20 - 36 Mliz, as in 
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furosemide, 127I giving signals around 300 - 600 Mllz1 as in thyroxins, higher frequency 
work up to 300 MHz or more, could be carried out; for example pharmaceutical solids 
containing 79'81Br nuclei may give signals in the higher frequency region between 80 and 
300 MIIz2 which should have low acquisition times to give a good signal-to-noise ratios. 
Work in this frequency region needs a complete redesign of the RF probe, using, for 
example, transmission line designs3 or series tuned high-frequency RF coils4 or a 
butterfly-capacitorscircuit in loop gap resonators6 in order to study the large volumes of 
medicine containers or even small numbers of tablets. 
General improvements in coil design, electronics, pulse sequences and all areas of NQR 
experimentation could increase field homogeneity and signal-to-noise ratios or decrease 
the time needed to achieve a result. 
More radical changes in experimental apparatus, such as multiple coils for multiplexing? 
- allowing three dimensional, independent, orthogonal RF fields to be produced - could 
allow a number of materials to be detected simultaneously in cases where the frequency 
separations were too large to allow analysis such as that carried out in chapter 5 on mixed 
samples. Two techniques which can be easily added to current NQR apparatus and 
experiments and are being looked into at King's College are polarisation-enhanced NQR 
and signal processing using approximative maximum likelihood (AML) algorithms and 
are discussed in more detail below. 
8.1.1 Polarization-enhanced nuclear quadrupole resonance 
A technique known as polarization-enhancement is more complicated than pure zero- 
field NQR, requiring more instrumentation and a switched d. c. magnetic field, but the 
increase in sensitivity achieved can greatly reduce the time taken to acquire a signal with 
sufficient SNR. It is particularly suited to low radiofrequency14N signals, which are 
inherently weak, so may overcome the problems associated with the timescalcs in14N 
work which are not so prevalent in 35C1 experiments. Like many techniques used in 
NQR, it was first applied to NMR8 and subsequently adapted with advancements in NMR 
happening more rapidly due to its more prevalent use and study. It is a double-resonance 
technique, similar to those described in chapter 3. however, unlike previous methods 
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where the effects of quadrupolar nuclei on the spin-'/2 nuclei were being measured, the 
quadrupolar nuclei arc themselves measured directly. 
Application ofa magnetic field polarises the protons, or any other magnetic nuclei in the 
sample, at a frequency Vp; the field is then switched off or the sample moved to zero field. 
In an adiabatic process the collapsing proton levels energy levels cross the quadrupolar 
levels when Vp= vQ, so transferring the proton polarisation to the quadrupolar nuclei, 
whereupon an enhanced NQR signal at a frequency vQ (vp»vQ) may be observed in zero 
field with an intensity increased by a factor of approximately (vplvQ). Luznik et. al9 have 
suggested the approximate equation (8.1) can be used to estimate the enhancement factor, 
F= vP 
N" 
vQ Np + NQ (8.1) 
They recorded the experimental enhancement and compared this to the calculated 
theoretical enhancement of the 14N signal for a number of materials; good agreement was 
observed. The magnetic fields required are not necessarily homogeneous, provided that 
the entire sample experiences roughly the same polarising field; the more critical factors 
are the values of the proton and '4N spin-lattice relaxation times; both Ti values must be 
sufficiently long to allow movement of the sample to zero field whilst maintaining a level 
of polarization. Movement of the sample from high to zero field cannot usually be 
accomplished in times less than 50 to 100 ms, depending on the transfer distance but fast, 
automated switching of an electromagnet can be conducted in considerably shorter times. 
Work carried out by Dr. lain Poplett at King's College London on ammonium nitrate 
demonstrated the increase in intensity achieved by use of PE-NQR in comparison to zero- 
field NQR. 
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Figure 8.1: (a) - 
14N averaged NQR signal from NH4NO, at 423 kHz from one multiple-pulse sequence 
and (b) - as a but following application of a magnetic field of 0.47 T. In both figures the x axis represents 
dfrequencr from the RF input in Hz and the v axis is signal intensity. 
Pre-polarisation in a magnetic field of 0.47 T dramatically enhanced the14N NQR signal 
at 0.423 MHz from crystalline NH4NO3; a single multiple-pulse sequence yields a signal 
drowned in noise under normal zero-field conditions (figure 8.1 a) in comparison with the 
strong signal seen after a single multiple pulse sequence using PE-NQR (figure 8.1 b). 
Although most PE-NQR work has been carried out using explosivcs10''1, the technique 
can be readily applied to pharmaceutical analysis. 
8.1.2 Signal Processing 
Signal processing techniques such as applying approximative maximum likelihood 
(AML) algorithms to NQR data can help to reduce the time needed to identify a 
compound by enhancing NQR spectral`. A model based algorithm is used, exploiting the 
maximum amount of prior knowledge about the signal and in which a c! -line spectrum is 
modelled as a sum of c! exponentially-damped sinusoids. 
The model signal 
kle (x. 2) 
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in which t= the sampling time, w(t) is an additive coloured noise, p= common scaling 
due to SNR, k/denotes the normalized (complex) amplitude of the kb" line, Ilk is the k" 
sinusoidal damping constant and the a frequencies are all known functions of 
temperature, T (e. g. assuming aA(T) = ak- bkT over a narrow temperature range). The 
function can be modified, as necessary, for multiple echo decays with a new time 
constant, Tee. The AML estimate is formed by minimizing the function by a least- 
squares method 
0= arg min 0 (l(observed signal) - (mode 1)112 (8.3) 
where 0= [p T flT 
T 
The output is a test statistic S or a generalised likelihood ratio test (GRLT) and a signal is 
deemed to be present only if S>v where yis a pre-determined threshold value reflecting 
the acceptable probability of a false alarm. In principle this technique is capable of being 
modified to determine the ratio of polymorphic forms in a sample -a method of 
quantitative analysis. As shown in chapter 5, the temperature coefficients must be known 
for each line in the spectrum and ideally both lines will have similar behaviour with 
regards to echo trains, NQR frequencies and spin-lattice relaxation rates which will 
minimise `wasted' time in recovery time .A long echo train 
is also desirable, such as in 
the case of4-methylimidazole. Applying AML algorithms of this kind to NQR signals 
can hopefully generate faster detection times and a more automated analysis suitable for 
commercial and industrial use. 
8.2 Summary 
The work presented in this thesis has shown that pulsed nuclear quadrupole resonance is 
well suited to the analysis of pharmaceutical solids. As a non-invasive and non- 
destructive solid state analytical method it can be applied in the determination of 
polymorphs; its highly sensitive nature results in frequency shifts for even small 
positional changes of nuclei within the crystal structure as was demonstrated in the 
theoretical calculations. In the case of furosemide the polymorphic change brought a 
change in the crystal lattice which resulted in differing peak multiplicities as well as a 
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frequency shift, which allowed for immediate and obvious differentiation between the 
two phases studied. 
Quantification of single samples of both tablets and volumes of bulk powder has been 
demonstrated using 35C1 and 14N signals and the potential to measure mixed samples in a 
quantitative manner has been observed. 
A wide range of volumes can be analysed without the need for sample preparation, from 
single tablets to large masses of solids, having the advantage that NQR solenoids can be 
designed specifically for the sample to be studied, with probe modifications being 
relatively cheap and easy to carry out. 
We have shown that pulsed nuclear quadrupole resonance spectroscopy is an analytical 
technique with great potential for future use in the pharmaceutical industry, 
complementing its use in security applications and providing a flexible, sensitive, non- 
destructive and non-invasive method of analysis across a wide range of materials. 
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9 Appendices 
9.1 Heroin hydrochloride crystal structure data 
xyz U(eq) 
C1(1) -5653(5) 9729(6) 8120(1) 
41(1) 
O(1S) 629(14) 9213(13) 8303(2) 58(4) 
0(1) 5960(15) 10081(14) 7589(2) 42(3) 
N(1) -759(16) 3540(17) 7983(2) 
31(3) 
C(1) 5760(20) 9600(20) 7256(3) 49(6) 
C1(2) -650(5) 5282(6) 8372(1) 
40(1) 
0(2) 3414(14) 8977(13) 7464(1) 32(3) 
N(2) -5769(15) 11372(17) 
8508(2) 37(4) 
C(2) 5150(20) 9640(20) 7453(4) 44(6) 
0(3) 4479(13) 5937(12) 7599(2) 36(3) 
C(3) 2671(18) 8711(18) 7649(2) 26(4) 
0(4) 5070(13) 3998(14) 7246(2) 40(3) 
C(4) 720(20) 8890(20) 7631(2) 39(5) 
0(5) 4017(15) 5831(16) 7025(2) 51(3) 
C(5) -470(20) 7933(19) 7718(2) 
30(4) 
0(6) 910(15) 4908(14) 8902(2) 47(3) 
C(6) 90(20) 6441(19) 7841(2) 27(4) 
0(7) -1557(15) 6057(13) 9027(2) 
40(3) 
C(7) -1290(20) 4930(20) 7837(2) 
36(5) 
0(8) -575(12) 9074(13) 8896(2) 
33(3) 
C(8) -2160(19) 2190(20) 8012(2) 
47(5) 
0(9) 57(13) 11030(14) 9245(2) 40(3) 
C(9) 1042(17) 2870(19) 7957(2) 26(4) 
0(10) -959(16) 9192(16) 9469(2) 
52(3) 
C(10) 2408(19) 4290(19) 7936(2) 29(4) 
C(11) 1870(20) 5620(20) 7783(2) 30(4) 
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0(2S) -4373(14) 5779(13) 8195(2) 
58(4) 
C(12) 3387(17) 6956(18) 7737(2) 30(4) 
C(13) 3200(20) 4820(20) 7505(2) 37(4) 
C(14) 1700(20) 4745(19) 7600(2) 23(4) 
C(15) 230(20) 3930(20) 7541(2) 24(4) 
C(16) -1556(18) 4089(19) 7642(2) 
29(4) 
C(17) 340(20) 3116(19) 7361(2) 38(5) 
C(18) 1950(20) 3110(18) 7266(2) 43(5) 
C(19) 3400(20) 3989(19) 7340(2) 28(4) 
C(20) 5180(30) 4910(20) 7077(3) 41(5) 
C(21) 6970(20) 4592(18) 6987(2) 55(6) 
C(22) 840(20) 5440(20) 9229(3) 60(6) 
C(23) 100(30) 5450(20) 9035(3) 42(5) 
C(24) -2280(20) 6290(20) 8846(2) 
34(4) 
C(25) -4254(19) 6055(18) 8865(2) 
24(4) 
C(26) -5400(20) 7040(20) 8775(2) 
46(5) 
C(27) -4940(20) 8590(20) 8655(2) 
34(5) 
C(28) -6330(20) 10059(19) 8659(2) 
27(4) 
C(29) -7129(18) 12839(17) 8476(2) 
32(4) 
C(30) -3928(17) 12230(20) 8542(2) 
43(5) 
C(31) -2590(20) 10705(18) 8559(2) 
30(4) 
C(32) -3160(20) 9370(20) 8705(2) 
35(5) 
C(33) -1632(18) 8101(19) 8760(2) 
29(4) 
C(34) -1790(20) 10127(19) 8986(2) 
37(5) 
C(35) -3350(20) 10257(19) 8890(2) 
33(5) 
C(36) -4870(20) 11130(20) 8967(3) 
38(5) 
C(37) -6554(19) 10940(20) 8851(2) 
40(5) 
C(38) -4640(20) 11978(19) 9128(2) 
32(4) 
C(39) -3040(20) 11897(19) 9224(2) 
31(4) 
C(40) -1630(20) 10970(20) 9153(2) 43(5) 
C(41) 190(30) 10140(20) 9407(3) 41(5) 
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C(42) 1910(20) 10420(18) 9508(3) 71(7) 
Table 9.1: Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2x 103) 
for 













































































































































C(35)-C(32)-C(3 1) 110.4(13) 






































Table 9.2: Bond lengths (A) and angles (°) of heroin hydrochloride. 
U11 U22 U33 U23 U13 U12 
C1(1) 39(3) 45(3) 40(3) -1(2) -1(2) -4(2) 
O(1S) 59(9) 52(9) 64(10) -13(6) 7(7) -11(6) 
0(1) 30(8) 43(9) 53(10) -8(6) -9(7) -15(6) 
N(1) 39(9) 30(9) 24(8) 6(6) 1(6) -13(7) 
C(1) 64(15) 28(12) 56(16) 5(10) 37(11) -2(9) 
C1(2) 43(3) 39(3) 37(3) -3(2) -2(2) 4(2) 
0(2) 34(7) 38(7) 25(7) 7(5) 5(5) 2(6) 
N(2) 37(7) 33(7) 41(8) 4(6) -16(6) 18(6) 
C(2) 12(13) 11(12) 110(20) 5(12) -11(12) 4(9) 
0(3) 38(8) 33(8) 37(8) -1(5) -5(6) 4(6) 
C(3) 29(11) 8(9) 40(11) -8(7) 0(8) -10(8) 
0(4) 44(8) 45(8) 30(8) 13(6) 3(5) 11(6) 
C(4) 27(11) 26(11) 62(13) -2(9) -12(9) 16(9) 
0(5) 35(9) 65(9) 53(9) 20(7) -3(6) 1(6) 
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C(5) 32(8) 22(8) 3 6(8) -6(7) 2(7) 12(7) 
0(6) 40(8) 45(9) 56(11) 0(7) -9(8) 1(7) 
C(6) 33(11) 3(10) 46(12) 0(8) -13(8) . 2(8) 
0(7) 28(8) 33(7) 58(9) -7(6) -8(6) 4(6) 
C(7) 13(10) 54(13) 40(13) 18(10) 9(8) 9(9) 
0(8) 27(7) 34(8) 38(8) -4(5) . 2(6) 5(5) 
C(8) 45(12) 65(13) 31(10) -5(9) 18(8) -31(10) 
0(9) 34(8) 49(8) 36(9) 15(6) 2(6) . 9(6) 
C(9) 18(10) 47(12) 14(10) 11(8) 7(7) -7(9) 
0(10) 52(9) 46(9) 58(9) 10(7) -1(7) 0(6) 
C(10) 8(10) 58(13) 22(10) -9(8) -9(7) 1(8) 
C(11) 21(11) 55(12) 13(10) 7(8) -2(7) 13(9) 
0(2S) 38(8) 48(8) 89(11) . 18(6) -23(7) 9(6) 
C(12) 23(8) 27(8) 39(8) -8(6) -1(6) -18(7) 
C(13) 18(12) 62(13) 31(12) 0(9) -13(9) 20(9) 
C(14) 19(11) 24(11) 27(11) -13(7) 4(9) -10(8) 
C(15) 26(11) 27(11) 17(10) 2(8) 6(7) 12(9) 
C(16) 31(11) 10(10) 45(13) 0(8) -1(8) 2(8) 
C(17) 39(13) 40(13) 36(12) 3(9) -3(8) -9(9) 
C(18) 50(13) 19(11) 59(13) -11(8) 1(10) -12(10) 
C(19) 38(13) 27(11) 18(10) 0(8) 13(9) 7(9) 
C(20) 49(14) 34(13) 40(15) 3(10) -25(11) -4(10) 
C(21) 42(14) 80(15) 42(12) 12(11) 15(10) 30(10) 
C(22) 66(15) 64(14) 49(16) -7(11) -14(11) 18(11) 
C(23) 60(16) 47(14) 18(12) 14(10) -3(10) -12(11) 
C(24) 56(13) 29(11) 18(10) 3(7) -11(8) 10(9) 
C(25) 26(8) 29(8) 15(7) 7(6) 3(6) -7(7) 
C(26) 34(12) 41(12) 63(13) 10(10) 1(9) -11(10) 
C(27) 22(11) 56(14) 26(11) 1(9) -2(8) 1(9) 
C(28) 46(12) 21(11) 14(10) -1(7) 4(8) 
6(8) 
C(29) 35(11) 7(9) 53(11) -7(7) -6(8) 9(8) 
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C(30) 10(10) 49(13) 69(14) 7(10) -2(8) -6(9) 
C(31) 38(12) 9(10) 42(12) -10(8) -16(8) 8(8) 
C(32) 26(12) 29(12) 50(14) 2(9) -12(9) 10(9) 
C(33) 34(11) 27(10) 27(9) -12(7) 14(8) 5(9) 
C(34) 66(15) 22(11) 24(11) -4(8) -13(10) 18(10) 
C(35) 58(14) 13(11) 27(12) 11(8) -6(10) -13(9) 
C(36) 33(12) 32(12) 49(13) -11(9) 26(10) 12(9) 
C(37) 25(11) 63(13) 31(12) 11(9) 9(9) -3(9) 
C(38) 32(12) 28(12) 37(12) -2(9) 2(8) 1(8) 
C(39) 47(13) 34(11) 12(9) -4(7) 2(8) -14(10) 
C(40) 36(14) 39(12) 54(13) 18(10) -31(11) -7(10) 
C(41) 42(14) 19(12) 60(17) -6(10) 10(11) 
6(10) 
C(42) 55(15) 71(16) 88(17) 22(13) -32(13) -21(11) 
Table 9.3: Anisotropic displacement parameters (A2x 103) for heroin hydrochloride monohydrate. 
The 
anisotropic displacement factor exponent takes the form: -2rc2[ h2 a*2U11 + ... +2hk a* 
b* U12]. 
x y z U(e9) 
H(1S1) 1840 9198 8253 87 
H(1) -715 4168 8094 
37 
H(1A) 6434 8512 7234 74 
H(1B) 6512 10635 7232 74 
H(1C) 4725 9632 7173 74 
H(2) -5685 10732 8398 44 
11(3) 3094 9714 7728 31 
11(4) 289 9787 7550 46 
H(5) -1700 8187 7702 36 
H(6) 199 6891 7971 33 
11(7) -2459 5443 7876 43 
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11(8A) -1843 1443 8119 71 
11(8B) -2266 1443 7901 71 
11(8C) -3294 2779 8037 71 
11(9A) 1067 2102 7846 32 
11(9B) 1358 2125 8066 32 
11(1OA) 3563 3745 7903 35 
11(1013) 2551 4927 8055 35 
11(12) 4099 7220 7851 36 
11(l 6A) -2095 2897 7655 34 
1](1613) -2374 4835 7568 34 
H(17) -684 2585 7307 46 
11(18) 2058 2502 7151 51 
11(21A) 7917 4839 7077 82 
H(21B) 7104 5379 6879 82 
H(21C) 7054 3353 6946 82 
H(22A) 2140 5408 9224 90 
11(22ß) 404 4393 9296 90 
11(22C) 459 6516 9295 90 
11(24) -1828 5312 8765 41 
11(25) -4686 5158 8946 28 
H(26) -6620 6740 8786 56 
11(27) -4862 8148 8524 41 
11(28) -7499 9534 8622 32 
1](29A) -7221 13578 8587 48 
1](29B) -8288 12307 8448 48 
11(29C) -6753 13573 8370 48 
11(30A) -3608 13020 8437 51 
11(30B) -3944 12949 8657 51 
11(31A) -2477 10099 8437 36 
11(31B) -1410 11191 8592 36 
11(33) -886 7850 8648 35 
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11(37A) -7066 12136 8832 48 
11(37B) -7425 10238 8923 48 
11(38) -5592 12656 9178 39 
11(39) -2927 12490 9340 37 
11(42A) 2094 9452 9597 107 
1-1(4213) 1875 11555 9575 107 
11(42C) 2895 10436 9419 107 
11(2S1) -3062 5988 8277 107 
11(2S2) -4489 6940 8150 107 
11(1S2) 76 8223 8243 107 
Table 9.4: Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 10 
3) for heroin 
hydrochloride monohydrate. 
D-H... A d(D-H) d(H... A) d(D... A) <(DHA) 
O(1S)-H(1S1)... Cl(1)#1 0.98 2.15 3.119(11) 167.5 
N(1)-H(1)... C1(2) 0.93 2.17 3.095(14) 172.1 
N(2)-H(2)... C1(1) 0.93 2.14 3.056(15) 169.0 
0(2S)-11(2S1)... C1(2) 1.16 2.01 3.103(11) '154.9 
0(2S)-11(2S2)... C1(1) 0.94 2.29 3.174(11) 158.1 
O(1S)-H(1S2)... Cl(2) 0.96 2.46 3.153(11) 128.9 
Table 9.5: Hydrogen bonds for heroin hydrochloride monohydrate (A and °). 
Cl -3.71377 1.61812 -0.91933 
O 1.01939 1.22972 0.39733 
H 1.93102 1.21842 0.03817 
O 5.03548 1.88345 -4.73983 

































0.00634 -2.57104 -1.10798 
4.88154 1.52295 -7.13520 
5.39242 0.70199 -7.29470 
5.45088 2.30118 -7.31017 
4.10483 1.54554 -7.73238 
0.05581 -1.73148 0.89317 
3.11751 1.05236 -5.63910 
-3.80082 2.85588 1.87320 
-3.73775 2.37444 1.08002 
4.42132 1.55348 -5.72259 
3.91954 -1.23853 -4.66850 
2.55767 0.85141 -4.31150 
2.87638 1.60705 -3.73929 
4.36469 -2.69915 -7.21300 
1.08448 0.98846 -4.43796 
0.76257 1.66202 -5.02550 
3.57110 -1.31821 -8.80080 
0.18829 0.26562 -3.81357 
-0.73558 0.45659 -3.92535 
1.23048 -2.01304 4.71101 
0.61443 -0.85869 -2.92581 
0.69510 -0.51921 -1.98868 
-0.62750 -1.14786 5.60833 
-0.42978 -1.99757 -2.95813 
-1.30743 -1.61000 -2.67613 
0.11231 1.12506 4.66480 
-1.08168 -4.06380 -1.69365 
-0.84337 -4.62400 -0.92567 
-1.16224 -4.62370 -2.49388 
-1.93670 -3.61761 -1.51968 

































1.32985 -3.54887 -2.09067 
1.34891 -4.12730 -2.89385 
1.56854 -4.11007 -1.31081 
-0.17742 1.21383 8.79141 
2.35903 -2.47869 -2.24506 
3.22912 -2.88928 -2.47841 
2.46706 -1.99876 -1.38595 
1.95137 -1.47502 -3.34759 
-2.74888 -1.35705 -0.38073 
3.09695 -0.47078 -3.67278 
3.63335 -0.27173 -2.85268 
2.95652 -2.08016 -5.34795 
1.82421 -2.13621 -4.65957 
0.71914 -2.74971 -5.08978 
-0.62711 -2.63051 -4.36289 
-1.03343 -3.52828 -4.26802 
-1.24339 -2.06853 -4.89630 
0.79890 -3.36365 -6.38412 
0.03005 -3.76321 -6.77359 
2.01605 -3.36815 -7.06480 
2.09532 -3.82592 -7.89347 
3.10754 -2.70607 -6.53319 
4.44499 -2.01307 -8.42436 
5.79791 -2.25150 -9.07510 
6.50933 -2.06530 -8.42731 
5.89726 -1.65840 -9.84891 
5.85935 -3.18449 -9.36862 
1.17838 -1.61139 7.06441 
2.15730 -1.63703 7.02591 
0.84942 -2.40157 7.54169 

































0.62088 -1.60186 5.66484 
-1.17535 -0.96905 4.30326 
-0.83215 -1.70884 3.72457 
-2.65932 -1.14952 4.44498 
-2.98471 -1.82474 5.02864 
-3.52306 -0.40825 3.79166 
-4.44228 -0.63359 3.87392 
-3.17815 0.75805 2.93147 
-3.11768 0.42751 1.98966 
-4.22436 1.86685 2.95932 
-5.10407 1.47169 2.69481 
-4.82560 3.96105 1.63913 
-4.89441 4.51816 2.44246 
-5.69852 3.56099 1.44329 
-4.54231 4.51410 0.88137 
-2.41406 3.50619 2.11569 
-2.17293 4.09743 1.35915 
-2.42576 4.04465 2.94637 
-1.40462 2.35381 2.23819 
-1.32077 1.89746 1.36361 
-0.51669 2.72022 2.47780 
-1.83356 1.34737 3.29092 
-0.68398 0.39174 3.68419 
-0.12232 0.20322 2.87857 
-0.80652 1.91848 5.30992 
-1.97959 2.01632 4.62190 
-3.12340 2.67174 5.17569 
-4.39191 2.53001 4.34069 
-4.77762 3.43192 4.20703 
-5.04815 2.00182 4.86079 
-2.95099 3.31315 6.33364 
273 
H -3.66752 3.82358 6.69215 
C -1.74671 3.25190 7.02792 
H -1.65961 3.69870 7.86177 
C -0.68436 2.55071 6.51646 
C 0.69133 1.93001 8.34379 
C 1.98683 2.13941 9.07377 
H 2.12250 1.41013 9.71422 
H 1.95736 2.99374 9.55299 
11 2.72607 2.15102 8.43052 
H -1.76147 -1.20012 0.20702 
H -2.83657 -0.48232 -0.70060 
H 0.60255 0.48370 -0.03338 
Cl* 3.81973 1.61812 -0.91933 
H 4.69693 -0.48232 -0.70060 
0 4.78462 -1.35705 -0.38073 
H 5.77203 -1.20012 0.20702 
Ii* -5.60248 1.21842 0.03817 
0* -6.51411 1.22972 0.39733 
H* -6.93095 0.48370 -0.03338 
Cl* -7.47769 -1.73148 0.89317 
Table 9.6: Heroin hydrochloride monohydrate coordinates used for theoretical calculation; starred (*) 





The unusual solid state structure of heroin hydrochloride 
monohydrate and its selective detection using NQR spectroscopy 
Elizabeth Balchin, ° David J. Malcolme-Lawes ° Michael D. Rowe, " John A. S. Smith, *" 
Michael J. Bearpark, b Jonathan W. Steed, " Weimin Wu, d Anthony J. Ilorsewilld and 
David Stephenson' 
Department of Chemistry, King's College London, The Strand, London, IVC2R 2LS UK 
b Department of Chemistry, Imperial College London, South Kensington Campus, London, 
SW7 2AZ UK 
`Department of Chemistry, University of Durham, South Road, Durham, Dill 3LS UK 
d School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD UK 
`Chemistry Department, University of the West Indies, St. Augustine, Trinidad, West Indies 
Received (in Montpellier, France) 5th February 2004, Accepted 16th June 2004 
First published as an Advance Article on the web 4th October 2004 
Heroin hydrochloride monohydrate, the normal crystalline form of this material, has been studied by 
X-ray crystallography, nuclear quadrupole resonance spectroscopy, and theoretical calculations. The X-ray 
data at 120 K could be refined in either of the two space groups P41 or P41212 with the latter higher 
symmetry form being the more likely, but for the NQR spectra at 4.2 K the doublet structure suggests that a 
slight symmetry breaking has ocurrred, which lowers the symmetry to P41. The crystals have the unusual 
unit cell dimensions of a=b=7.5335(2) A, c- 71.976(4) A, with Z-8 (and Z-2 in P41); the 
molecules are arranged on a four-fold helix of pitch 72.0 A with its axis parallel to the c axis, requiring a 
total of eight molecules in order to complete one turn. As in the free base the nitrogen ring system of the 
N-protonated heroin molecule has a chair conformation; in P41 the N-11 hydrogen is bonded to a Cl- with 
N-11... Cl distances of 3.056(15) and 3.095(14) A and each Cl- ion is also hydrogen bonded to two water 
molecules. 14N and "Cl quadrupole resonance frequencies have been observed in both the pure material and 
material from a drugs seizure by two double resonance techniques; in cross-relaxation spectra, a broad 
35.37 CI resonance is found near 1.95 MHz at room temperature and an analysis of the line shape predicts an 
average quadrupole coupling constant for the two ions of 3.817 MHz and an asymmetry parameter of 0.4. 
In double resonance by level crossing experiments, 14N doublets are observed near 0.965 and 1.035 Mllz at 
4.2 K, predicting a mean quadrupole coupling constant of 1.333 MHz and an asymmetry parameter of 
0.158. A doublet 35CI signal is also observed at 1.965 MHz. The doublet patterns observed are consistent 
with a P41 space group at 4.2 K. The similarity of the NQR data from the pure sample and the seizure 
confirms that the illicit sample is of the helical monohydrate, suggesting that these methods can be used to 
detect the narcotic in real situations. Theoretical calculations with Gaussian at the 11F/6-31 +G" level for 
two molecules at the configurations they adopt in the solid state are in reasonable agreement with these 











Heroin (diacetylmorphine, 1) is a class A drug, closely related 




It is produced by acetylation of morphine extracted from 
poppy latex, followed by treatment with IICI. to give the 
hydrochloride, which is recrystallised from ethanol and diethyl 
ether to give heroin hydrochloride monohydrate. The mono- 
hydrate can be dried to give an anhydrous form. While simple 




heroin hydrochloride, a simple quantitative, portable and non. 
destructive method for selectively identifying heroin in the 
presence of closely related compounds such as acetylcodeine 
is highly desirable. The ratio of acetylcodeine to heroin is, for 
example, often used as an indication of the origin of illicit 
drugs. In this paper, we have determined the unusual crystal 
structure of heroin hydrochloride monohydrate and from this 
result calculated the 14N and 35C1 nuclear quadrupole reso- 
nance (NQR) frequencies using Gaussian (method: IIF/ 
6-31 +G*). Using these values as a guide, we then detected 
both '4N and "Cl quadrupole resonance signals by double 
resonance and cross-relaxation techniques. Signals have been 
observed at identical frequencies in a sample of illicit 
heroin 
hydrochloride monohydrate taken from a drug seizure. 
Experimental 
Materials 
A sample of diamorphine hydrochloride BP was obtained 
from 
Macfarlcn-Smith and used in the double resonance NQR 
experiments. The loss on drying was stated to 
be 3.7%, 
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compared to 4.3% expected for the pure monohydrate. For the 
X-ray studies, a sample was recrystalliscd from ethanol as in 
the common illicit production process. The sample of illicit 
heroin hydrochloride was obtained from the Forensic Science 
Service in the UK; its purity was estimated to be 85% as base, 
or 97.5% as the hydrochloride monohydrate. 
X-Ray crystallography 
The X-ray measurements were conducted on a Nonius 
KaP°OCCD diffractometer using MoK radiation and a sample 
temperature of 120 K. Approximate unit cell dimensions were 
determined by the Nonius Collect program from 20 index 
frames of width 0.5° in 0 using a Nonius K°" °CCD difract- 
ometer, with a detector-to-crystal distance of 60 mm. The 
Collect program was then used to calculate a data collection 
strategy to 99.5% completeness for 0 ffi 25° using a combina- 
tion of 0.3° ¢ and to scans of 120 s deg-t exposure time. 
Crystals were indexed using the DENZO-SMN package and 
positional data were refined along with diffractometer con- 
stants to give the final unit cell parameters. Integration and 
scaling (DENZO-SMN, Scalepack) resulted in unique data sets 
corrected for Lorentz and polarisation effects and for the 
effects of crystal decay and absorption by a combination of 
averaging of equivalent reflections and an overall volume and 
scaling correction. Structures were solved using SfIELXS-97' 
and developed via alternating least squares cycles and differ- 
ence Fourier synthesis (SHELXL-97) with the aid of the 
program XSeed3 as an interface to the SHELX programs, 
from which the figures were prepared. All non-hydrogen atoms 
were modelled anisotropically, while hydrogen atoms were 
placed in calculated positions, assigned an isotropic thermal 
parameter 1.2 times that of the parent atom (1.5 for terminal 
atoms) and allowed to ride. Acidic protons were located on the 
final difference Fourier map and included as riding atoms with 
fixed isotopic thermal parameters as described above. 
Because of extensive twinning there was some difficulty in 
establishing the correct space group for the crystal at 120 K; 
the X-ray data could be refined in either P41 or P41212 with 
some preference for the latter. The problem lies in the lack of a 
firm absence condition for the 2t screw axis in the (OkO) 
reflections, the average intensity of which was 1.9 times the 
standard uncertainty. The refinement in either space group 
proved essentially identical with two apparently independent 
but highly correlated molecules, so there are no strong crystal- 
lographic grounds to assign a symmetry lower than P41212 at 
120 K. Collection of a further data set at 30 K gave no further 
evidence for a phase change to P41. However, the doublet 
structure of the NQR spectra taken at 4.2 K (see Fig. 8 below) 
suggests that P41 is the correct space group, at least at 4.2 K, 
implying that slight symmetry breaking occurs between 30 and 
4.2 K, lowering the symmetry to P41. It is this latter structure 
that has been used in the theoretical calculations of the NQR 
parameters and for which X-ray structural data are reported in 
the remainder of the paper. 
Crystal data for C211126CIN06: t Af _= 423.88,0.30 x 0.25 x 
0.10 mm3, tetragonal, space group P41 (No. 76), a-b 
7.5335(2), c- 71.976(4) A, U- 4084.9(3) A3, Z-8, D, 
1.378 g cm 3, FOOO a 1792,3475 unique reflections. Final 
GoF m 1.024, R, - 0.0726, twR2 O 0.1011, R indices based 
on 1729 reflections with I> 2a(l) (refinement on P), 530 
parameters, 25 restraints (on displacement parameters). LP 
and absorption corrections applied, p®0.225 mm- 1. Abso- 
lute structure parameter: -0.22(19). In P41212 (No. 92) the 
crystal data are much the same except there were 2808 unique 
reflections (R,,, 1 - 0.0854). Final GoF = 1.000, R, - 0.0778, 
t CCDC reference number 242245. See http: //www. rsc. org/suppdata/ 
nj/b4/b40l797h/ for crystallographic data in . cif or other electronic format. 
wR2 - 0.0943, R indices based on 1328 rcflcctions with I> 2e 
(1) (rcfincmcnt on /), 273 parameters, 0 restraints, LP and 
absorption corrections applied. Absolute structure parameter: 
-0.3(2). 4 
NQR measurements 
Double resonance by level crossing (DRLC) expcrimentss were 
performed at 4.2 K by means of the magnetic field cycle 
illustrated in Fig. 1. The polarising field Br, was typically 
0.8 to IT with a polarisation time of 30 to 60 s; the NMR 
observation field Bnmr was 0.627 T (111 frequency of 26.7 M 11z) 
and the residual field Bye, lay between 1.5 and 2.0 mT. The 
magnetic field was provided by a superconducting solenoid of 
low inductance (L - 0.023 11) continuously powered by a fast 
switching power supply rated at 15 V and 160 A so that the 
magnetic field was proportional to the instantaneous current. 
The maximum field-ramping rate of the system was 10 T s-I, 
but in these experiments the system was routinely operated at 
8T s-1. The superconducting magnet system incorporated a 
variable temperature helium cryostat for the sample. Sample 
temperatures, measured by a calibrated Cernox resistance 
thermometer, were stable to within 0.05 K. The 111 NMR 
signal was detected by an NMR coil tuned to 26.7 MHz. The 
90° pulse employed to record the signal had a duration of I ps 
and the total dead-time was 4 µs. The broadband secondary rf 
irradiation used to drive the quadrupolar transitions was 
provided by a pair of Ilelmholtz coils comprising approxi- 
mately 8 turns. The secondary rf field amplitude at the sample 
was approximately 0.2 mT, with irradiation times of typically 
400 ms. 
Cross-relaxation (CR) NQR spectra were recorded at room 
temperature using pneumatic transfer of the sample from high 
field to the cross-relaxation field. 6 In these experiments, Bnm,. in 
Fig. I was set to equal to Bß, 1, both being supplied by a 
permanent magnet of 0.472 T field (111 NMR frequency of 
20.10 MHz). The sample was polarised in high field for 10 s, 
after which the '11 NMR signal was recorded by means of a 90° 
pulse, and then transferred to the cross-relaxation field Br., for 
approximately 70 ms. No rf radiation was applied in this 
experiment, but the CR spectrum was obtained by stepping 
Bye, between successive 111 NM R signals from 0 to 3000 kilz in 
steps of 4.58 kilz. The spectrum was scanned twice and the two 
data sets added. The spectrum was corrected for a frequency 
offset caused by the stray field from the permanent magnet. 
The curved base line typical of cross-relaxation spectra was 
eliminated by applying a manual polynomial correction. The 
data were smoothed using a damping algorithm; a new 
smoothed point is calculated from the raw data by allowing 
it to change the previous point in the smoothed data set by 
20% of their difference. This is quite a severe smoothing but 
does not affect the line shape because of its broadness (for 
chlorine) compared to the frequency step used. 
Fig. 1 Magnetic field cycle in the double resonance experiments. 
1310; New J. Chem., 2004,28,. 1309-1314 
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Fig. 2 Helical crystal packing along the r axis in heroin liydmchlnridc monohydrate showing labelling of the atoms On P41). 
Results and discussion 
X-Ray crystal structure 
Surprisingly, no details of the X-ray crystal structure of heroin 
hydrochloride monohydrate have been reported previously. 
despite the fact that it is readily crystallised. In fact, the 
structure determination proved challenging with even relatively 
large crystals showing weak scattering, partially because the 
compound displays a highly asymmetric plate-type morphol- 
ogy with extensive twinning and there is a long crystallographic 
c axis (Fig. 2) and hence potential problems of peak overlap in 
the detector. 
The water and chlorine ions form an infinite hydrogen- 
bonded chain perpendicular to the 41 helical axis (e axis) with 
each water molecule hydrogen bonding to both chlorine ions. 
Hydrogen bond distances and angles are given in Table I. The 
chlorine ions also form short, charge-assisted hydrogen bonds 
to the NH groups of the heroin cations (Fig. 3) with the 
interaction N( I )" . "CI(2) being significantly longer than its sym- 
nmetry independent counterpart in P41. N(2)... CI(I) (Table I ). 
However, the DH distances in Table I are subject to con- 
siderable unspecified errors, most are too short, as expected 
from X-ray measurements, but 0(2S) H(2SI) is anomalously 
long. 
The most remarkable feature of the structure is the four-fold 
helix of pitch 72.0 A, which requires a total of eight molecules 
in order to complete one turn (and hence one repeat of' the 
crystallographic e axis). The molecules stack in face-to-face 
pairs interacting via the water, anion layers as described above. 
Each pair then propagates the helix to the neighbouring pair 
via a series of C'H... 0 interactions' involving the ester carbo- 
nyl atoms 0(5) and 0(10) (Fig. 4). We have previously 
reported several helical structures brought about by weak 
hydrogen-bonding interactions and shown that in one case at 
least, helical packing of a resolved chiral compound necessi- 
tates aZ=2 structure. " 
Nuclear quadrupole resonance spectra 
The asymmetric hydrogen bonding around each chlorine ion in 
the X-ray crystal structure leads to it non-zero quadrupole 
interaction at this nucleus and it finite nuclear quadrupole 
resonance (NQR) frequency. clearly shown in DRL(' spectra 
Table I Hydrogen bonds in heroin hydrochloride monohydrate 
1) H. .A d(I) Hº 
A (AH... A) A d(D... A) AL I)HA 
O(IS) H(ISI) CI(I) 0.99 2.15 3.119(11) 167.5 
N(I) H(l) ... CI(2) 0.93 2.17 3.095(14) 172.1 
N(2) H(2)" " "CI(I) 0.93 2.14 3.056(15) 169.0 
O(2S) H(2SI) ... CI(2) 1.16 2.01 3.103(11) 154.9 
O(2S) H(2S2) " Cl(l) 0.94 2.29 3-17401) 158. 
O(IS) H(IS2)... CI(2) 0.96 2.46 3.153(1 I) 128.9 
near 1.965 MII/ (Fig. 5) and as it broad dir near 1.9 MHi in 
the ('R spectrum (Fig. 6). Since ('I(I) and ('1(2) are crystal- 
Iographically non-equivalent in P4,. two "0 frequencies are 
expected and these are apparently resolved in DRL(' spectra 
collected with smaller frequency steps (Fig. 7) at frequencies of 
I. 950 and 1.965 MIfi consistent with it slight symmetry 
breaking. reducing the space group symmetry to P41 at the 
lower temperature of 4.2 K used for the NQR experiments. No 
other signals assignable to Cl "were observed in frequency 
sweeps up to 4 MHz and none for "C'1. An almost identical 
", "CI CR spectrum was observed from a sample of' street 
heroin hydrochloride monohydrate under the same experimen- 
tal conditions, suggesting that in the solid state both had the 
same structure. This material also had the same 'if NMR 
spectrum in solution as the pure material. 
For it spin 3/2 nucleus such as "Cl and '7CI. the single 






is the nuclear quadrupole coupling constant (NQ('() in frr 
quency units, q being the maximum principal component of tlir 
electric field gradient, Q the nuclear electric quadrupole nio- 
ment and q the asymmetry parameter. From the two DRL(' 
35CI frequencies, which were excited in low or zero magnetic 
fields, it is impossible to deduce the quadrupole coupling cons- 
tants and asymmetry parameters separately from eqn. (1). 
However, in CR spectra. the dips are generated in a non-zero 
magnetic field. and the /eeman broadening of' the ohs r\cd 
Fig. 3 Projection of two independent molecules on the illy Plane. 
showing the N 11 . CI and ('I .. "OH, hydrogen bonding. 
New J. Chem., 2004,28,1309-1314 11311 
Fig. 4 Aryl and methyl C'H" " "0 interactions between the helices. Aryl 
C ... 0 3.270 
A. CH; C... 0 3.200 A. 
lines allows both quantities to be estimated by building up 
simulated spectra in much the same way as the experiment. The 
proton frequency is incremented (usually in 10 kHz steps) from 
low frequency to a point where the proton Zeeman splitting 
exceeds any quadrupole splitting. At each proton frequency. 
the Zeeman interaction for the chlorine can be obtained fron 
its gyromagnetic ratio (compared to that of protons). The 
Zeeman interaction and quadrupole interaction of the chlorine 
are then used to calculate the energies and wavefunctions of the 
quadrupole levels. This is repeated for 400 crystal orientations. 
The proton frequency is then incremented. During this cycle, 
data relevant to building up the final spectrum are stored for 
later use. Data is stored on the following basis: cross relaxation 
only occurs efficiently when the splitting of the proton Zeeman 
levels is of a similar magnitude to the splitting of a pair of 
quadrupole levels. As the frequency mismatch increases the 
efficiency is assumed to decrease as a Gaussian function with a 
time constant of approximately 50 . is so only Splittings that have a mismatch of less than 70 kHz need to be stored. 
Energy exchange between the two systems is facilitated by 
dipolar coupling between the two nuclei. This energy exchange 
is only allowed if the change in quantum number for the 
quadrupolar nuclei is ±I or zero (from inspection of the 
dipolar Hamiltonian). The transition probability for the energy 
exchange between the two pairs of levels is calculated on this 
basis and stored so that when the program ends a large amount 
of data has been stored in the format: proton frequency. 
frequency mismatch, transition probability. This contains all 
the information necessary to build up a cross-relaxation spec- 
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Fist. 5 Double resonance by level crossing (I)RL(') spectrum of 
heroin hydrochloride monohydratc at 4.2 K: experimental conditions 
are given in the text. 
I 
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Fig. 6 ('ross-relaxation (CR) spectrum of' pure heroin hydrochloride 
monohydrate at room temperature with a residence time in high field of 
IO s and in low field of 70 ms. The lower curve is a theoretical fit for a 
"('I quadrupole coupling constant of 3.917 MHz and asymmetry 
parameter of 0.4. 
The chlorine cross-relaxation spectrum is further compli- 
cated by overlapping contributions from the two chlorine 
isotopes. 35 and 37. The line shape for each isotope is 
calculated separately and the two added, in proportion to their 
natural abundances. to give the final spectrum. The lower 
abundance "C'I contributes quite significantly to the line shape 
because of its smaller gyromagnetic ratio. Also, "( '1 hits it 
smaller quadrupole interaction, by it factor of' 1.269. which 
causes the cross-relaxation condition to be realized at lower 
fields, also reducing the Zeeman broadening and hence increas- 
ing its relative intensity. 
Inspection of the experimental spectrum suggested a zero 
field resonance frequency of around 2000 kHz (for "CI). 
Refinement of this value was achieved by calculating it series 
of cross-relaxation spectra using this value and an asymmetry 
parameter of 0.0 to 1.0 in steps of 0.2. The best fit was with il = 
0.4 (lower line in Fig. 6). The fit was further improved by off- 
setting the two spectra by 50 kHz. suggesting that the "Cl 
NQR lines in zero field should be seen around 1950 kHi. in 
good agreement with the DRLC values. Combining the DRLC 
frequencies of 1.950 and 1.965 MID at 4.2 K with the CR 
estimate of the asymmetry parameter (assumed to be the same 
for both lines) gives quadrupole coupling constants of 3.801 
and 3.830 MHz. 
The Cl "frequencies lie between two values previously 











Fig. 7 The "(I I)RLC spectrum at 4.2 K with IFegULnc) steps of 2 
kH7: the lower spectrum is an average of the urirr spectra. 
1312 \'w J. Chem., 2004,28,1309-1314 
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Fig. 8 14N DRLC NQR spectrum at 4.2 K with 2 kHz frequency 
steps. 
1.215/0.860 MHz for decylamine hydrochloride1' and 5.524/ 
4.366 MHz for pyridine hydrochloride: '1 they are lower than 
the corresponding frequencies of 2.53/1.99 MHz reported for 
cocaine hydrochloride near 295 K12 13 and the "CI frequency 
of 2.712 MHz observed in ecstasy (MDMA hydrochloride)' `at 
similar temperatures. These differences reflect important 
changes in the hydrogen bonding, in cocaine hydrochloride. '4 
for example. the Cl ion is hydrogen bonded to just one NH 
group with an N H.. Cl bond length of 3.06(9) A. and the 
same is true in pyridine hydrochloride, where the hydrogen 
bond length is shorter at 2.95 A. 15 In contrast, in heroin 
hydrochloride monohydrate, the Cl ion is hydrogen bonded 
not only to NH, with hydrogen bond lengths of 3.065(15) and 
3.095(14) A, but also to two 0H groups from two neighbour- 
ing water molecules. It is clear from these results that CR and 
NQR measurements of the 35CI signals provide a means of 
detecting these drugs and of distinguishing between them. 
The '4N DRLC spectrum is readily assigned if the observed 
doublets near 0.957 and 1.035 MHz, shown under higher 
resolution in Fig. 8, are assigned to v and v., respectively: 
for spin I nuclei: these are related to the quadrupole coupling 






Note that once again the doublet structure predicted by the 
X-ray crystal structure analysis in P41 is clearly resolved, with 
splittings of 6.5 kHz for vv, and 5.7 kHz for u. It is impossible 
from these measurements alone to say which component of 
each doublet goes with the other, on the rather arbitrary basis 
of intensities. we pair off the frequencies (in MHz at 4.2 K) as 
(0.960,1.039) and (0.954.1.032). giving from eqn. (2) the two 
sets of quadrupole coupling constants (in MHz) and asymme- 
try parameters (I. 333,0.119) and (I. 324,0.118). The alterna- 
tive assignment gives (1.328.0.108) and (1.329.0.128). These 
results are not inconsistent with the CR spectrum (Fig. 6) in 
which features assigned to '4N are observed close to 926 (n ) 
and 1085 (il, ) kHz. The higher frequency is close to previous 
(IuhIC rrsn, inrr niraýurrntrnt" tli, it Im, IICtI .1 11I( , t(1 SI. n; II 
near I08(1 kI Ii at 15 K. "' 
Theoretical calculations 
The NQR parameters have been related try the ! '4i X-ray 
crystal structure by means of theoretical calculations. The 
nitrogen-containing piperidinc ring systems in the two proto- 
nated heroin molecules have the bond lengths and angles 
shown in Table 2. which are similar to those observed in 
cocaine hydrochloride. 11 with one significant difference in the 
(' NC bond angle, which is close to 104 in the cocaine ion 
and has it mean value of 113.7 in the heroin ion. 
In heroin hydrochloride nionohydratc. ('6. C7. ('9 and ('1(1 
in the piperidinc ring system in molecule I lie in the plane 
1.522. v + 1.812r + 68.33: = 54.69 (3) 
with an rms deviation of 0.048 A. with NI lying at 0.617 A and 
Cl I at -0.772 A from this plane. in molecule 2. ('27. C28. C30 
and C'31 lie in the plane 
1.543. vv + 1.705v + 68.54: = 60.06 (4) 
with an rms deviation of 0.031 A. N2 lying at --0.693 
A and 
('32 at 0.719 A from this plane. Both conformations are 




The molecular dimensions for both molecules from the 
X-ray crystal structure analysis have been used to calculate 
the quadrupole parameters for both I''N and 
"CI using 
Gaussian`'" (HF 6-31 +G*). with three corrections. Both N 
H bond lengths have been lengthened from 0.93 to 1.04 A. one 
of' the 0H bond lengths IO(2S) H(2SI) . CI(2)J shortened 
from 1.16 to 0.98 A and the others set to the same value, to he 
more consistent with acceptable values. Nuclear electric quad- 
rupole moments of + 20.44(3) mB for I'N and -81.65(80) mB 
for "Cl were used21 and the quadrupole coupling constants 
calculated using the equation. 22 
NQCC (in MHz) = 234.9647Qy (5) 
where Q is the nuclear electric quadrupole moment in Barn 
(10 2" m2) and q is q: -. the maximum principal component. 
in 
atomic units (frone Gaussian). 
To simulate the effects of the solid state, the calculations for 
heroin hydrochloride monohydrate were performed for the two 
hydrogen-bonded molecules in the P41 structure shown in 
Fig. 3. each chlorine ion. C'1(I) and C'1(2), being hydrogen 
bonded to one NH group and two water molecules. 0(1 S) and 
0(2S). Several different basis sets were used in the calculations, 
the general conclusion being that the larger split sets with the 
inclusion of polarization (e. g.. 3d functions fier Cl) such as 
6-31 +G' gave better agreement with experiment. These results 
are summarised in Table 3. For 14N. the two sets of'results are 
in reasonable agreement. bearing in mind that thermal motion 
effects have been neglected and that the experimental assign- 
nicnt for the observed doublets has been made to optimise the 
agreement between the asymmetry parameters rather than the 
quadrupole coupling constants. 
Table 2 Bond lengths and angles in the nitrogen ring system of heroin hydrochloride nwnohydrate 
Molecule I 
Bond Length, Ä Bond Angle 
Molecule 2 
Bond Length Ä Bond Angle 
NI ('9 1.459(15) NI C'9 CIO 114.0(12) N2 ('30 1.551(16) N2 ('30 ('31 106.6(12) 
C'9 CIO 1.493(17) C9 CIO-ClI I10.9(12) ('30 ('3I 1.537(17) ('30 ('3I ('32 111.5(13) 
CIO C'II 1.546(18) CIO ('II C'6 107.2(13) ('3I ('32 1.52(2) ('31 ('32 ('27 I10.2(14) 
('II C6 1.531(19) CII ('6 C7 106.7(12) ('32 ('27 1.51(2) C'32 ('27 ('28 108-8(14) 
C'6 C'7 1.55(2) C6 C'7 NI 108.1(13) ('27 ('28 1.52(2) ('27 ('28 N2 105.5(12) 
C'7 N1 1.536(18) C7 NI ('9 113.2(12) ('28 N2 1.529(18) ('28 N2 ('30 114.1(12) 
I 
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TWO 3 Comparison of theoretical and experimental values of the 14N 
and "Cl quadrupole parameters in heroin hydrochloride monohydrate 
Theory Experiment' 
Atom NQCC/MHz ry NQCC/MIIz 11 
N(l) -1.575 0.098 1.328 0.108 
N(2) -1.399 0.142 1.329 0.128 
C1(1) -4.076 0.311 3.801 0.4 
C1(2) 5.388 0.827 3.830 0.4 
° At 4.2 K. 
Table 4 Principal components of the 14N quadrupole tensor in MEIz 
and their directions with respect to the N-1 bond 
N atom & bond e2q:: Q/h 0/° e2q,.,. Q/h 0/° e2q,, Q/h 0/° 
N(1)-H(1) -1.575 2.86 0.865 90.0 0.710 87.1 
N(2)-H(2) -1.399 2.79 0.799 90.0 0.600 87.2 
The predicted NQR frequencies (v+ at 1.220 and 1.099 
MHz, v_ at 1.142 and 1.000 MHz) were sufficiently close to 
experiment (doublets close to 1.035 and 0.957 MHz), bearing in 
mind the neglect of temperature effects, to be used as pre- 
liminary estimates when frequency searching for unknown 
resonances. For 35C1, the agreement is less satisfactory, largely 
because the electric field gradients at this ion are governed by 
the positions of hydrogen-bonded hydrogen atoms, which are 
imprecisely located in the X-ray crystal structure analysis. The 
main uncertainty lies in the position of the O(2S)-H(2S1) 
hydrogen atom, which strongly affects the electric field gradient 
at Cl(2); the X-ray value for the O(2S)" " "H(2S1) bond length 
(1.16 A) is anomalously long and suggests that the H coordi- 
nates are unreliable. The quadrupole parameters at Cl(1) are 
better reproduced and predict an NQR frequency of 2.071 MHz 
compared with mean values of 1.965 and 1.950 MHz from 
experiment at 4.2 K and room temperature, respectively, which 
should be regarded as unexpectedly good agreement. 
As well as calculating the magnitude of q, _, it is also useful to know the direction of the electric field gradient by calculating 
the direction cosines. It can be shown that the electric field 
gradient at the origin, due to a charge e at point (x, y, :) 
distance r away is 
e 
3x2 - r2 3xy 3: x 
r 3xy 3y2 - r2 3yz 
3: x 3y: 3: 2-r2 
The values for the field gradient tensor were extracted from the 
Gaussian results and the direction cosines calculated. The 
eigenvalues were compared with the Gaussian-produced values 
to check the calculation. The position of the maximum princi- 
pal component (q:. ) with respect to a bond within the molecule 
was then established (Table 4). 
The direction cosine results for heroin hydrochloride mono- 
hydrate were as expected for '4N, with a small angle between 
the N-H bond and the maximum principal component of the 
electric field gradient. This is chemically predictable, as the 
asymmetry parameter of 14N is low, and q_z would therefore 
be expected to be close to the N-H bond. 
Conclusions 
The X-ray crystal structure analysis of heroin hydrochloride 
monohydrate reveals an unusual structure in which eight 
molecules form a four-fold helix of pitch 72 A, the repeat unit 
containing just one independent molecule at 120 K. There is no 
evidence for a space group of lower symmetry than P41212 at 
120 or 30 K. whereas the doublet structure of the NQR spectra 
1314 J New 1. Chem., 2004,28,1309-1314", 
recorded at 4.2 K implies two independent molecules more 
consistent with the space group P41 at this lower temperature. 
A sample of the same material from a drug seizure is shown to 
have the same Cl "spectrum. A theoretical calculation for a 
hydrogen-bonded pair of molecules with the dimensions found 
from the X-ray analysis gives good afrccmcnt for the 14N 
quadrupole parameters but less so for 3 Cl, whose quadrupole 
parameters depend sensitively on the imprecisely located hy- 
drogen atoms in the two water molecules to which they are 
hydrogen bonded. The unique structure of heroin hydrochlor- 
ide hydrate is reflected in the NQR data and hence suggests 
that NQR cross-relaxation methods could form the basis for a 
sensitive method for the selective detection of this material in 
the presence of other closely related compounds. 
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Nuclear quadrupole resonance is a radio frequency (rf) 
spectroscopic technique, closely related to NMR, which 
can be used to detect signals from solids containing nuclei 
with spin quantum number > 1/2. It is nondestructive, 
highly specific and noninvasive, requires no static mag- 
netic field, and as such is currently used in the detection 
of explosives and narcotics. Recent technological ad- 
vances in pulsed NQR methods have shortened detection 
times, eliminated spurious signals, and enhanced the 
sensitivity of detection of 14N frequencies, which lie in the 
low rf range of 0.4-6 Mlia, encouraging a wider range of 
"real world" applications. This Perspective highlights 
some of the advantages of NQR, the applications in which 
it could be used, such as the quantification of pharma- 
ceuticals and the identification of polymorphs. Other roles 
could include detection, analysis, and quality control of 
pharmaceuticals at all stages of manufacture. Finally, 
recent advances which enhance even further the sensitiv- 
ity of detection will be discussed. 
PHARMACEUTICAL ANALYSIS 
Organic chemical analysis is a key part of the identification, 
development, and quality assurance of new pharmaceuticals. For 
example, analytical methods play a critical role in supporting the 
scale-up of the synthetic route, development of the manufacture 
of the final dosage form, assessment of stability, and control of 
quality and consistency of the commercial product. 1-3 
Because of the important role of chemical analysis, there is 
continued interest in the refinement of existing analytical tech- 
niques and the development of new ones. The objectives of these 
refinement and development exercises typically include improving 
" Corresponding author. E-mail: John. Smith®kcl. ac. uk. icing's College. 
Merck. Sharp and Dohme. 
s AstraZeneca. 
(1) Gorog, S. Trends Anal. Chem. 2003,20,407-415. 
(2) Lewen, N. S.; Schenkenberger, M. M. Encyclopedia of Spectroscopy and 
Spectrometry; lindon, J. C., Tranter, G. E., Holmes, J. L. Eds.; Academic 
Press: London, 2000. pp 1791-1800. 
(3) Ohanessian, L; Streeter, A. J. Handbook of Pharmaceutical Analysis; Marcel 
Dekker Inc.: New York, 2001. 
the speed and quality of decision-making. This can be achieved 
by finding ways of generating the same information more quickly 
or by generating additional useful information within the same 
time span. Products and processes need to be characterized more 
quickly and more fully, with the ultimate aim of decreasing 
development times, reducing manufacturing costs, and increasing 
the quality and safety of the final product. 
Development in analytical chemistry proceeds not only by 
experimentation and application, but also by theoretical investiga- 
tion. This theoretical investigation should include not only a better 
understanding of the physicochemical processes that underpin 
existing analytical methodologies, but also the identification of 
other physical phenomena which could form the basis of new 
analytical methodologies. 
In this paper, we propose that recent advances in the technique 
of pulsed nuclear quadrupole resonance (NQR) have established 
it as a valuable technique in pharmaceutical analysis. 
Most pharmaceuticals are marketed as solid dosage forms, for 
example, oral tablets, but the majority of the organic chemical 
analysis techniques used are solution-based. As a result, for 
example, IIPLC, electrospray MS, and solution NMR are widely 
used in assessing the quantity of active agent, chemical purity, 
and the identification of both active agent and impurities. While 
such approaches enable tight control of the quality and consis- 
tency of the dosage form, they inevitably require time and effort 
in sample preparation and are inherently destructive in nature. 
Other important information, such as the polymorphic form of 
the active agent, is lost by solution-based methods, and so solid- 
state techniques such as IR, powder XRD, and solid-state NMR 
are used, as wel1.4 
An additional area of interest in pharmaceutical analysis is that 
of moving the analysis closer to the process it is being used to 
control. Most control strategies rely on end-point testing in which 
the manufactured material is sampled and the samples are brought 
to the laboratory for testing. End-point testing imposes limits on 
the time scale in which process changes can be made. There is 
increasing interest in taking analysis from the laboratory and into 
the manufacturing and raw material receipt environments. Tech- 
(4) Bryn, S. R; Pfeiffer, R R.; Stowell, F. G. Solid State Chemistry of Drugs, 2nd 
ed.; SSCI Inc.: West Lafayette, IN, 1999; pp 45-139. 
10.1021/ac0503658 CCC: $30.25 © 2005 American Chemical Society 
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niques such as near-IR (NIR) have made significant impacts here, 
but because NIR is a secondary technique, a significant calibration 
exercise is required before data can be interpreted in a meaningful 
way. Such at line testing can also be improved by the addition of 
noninvasive techniques to the analytical armory so that pharma- 
ceutical formulations can be analyzed without removal from their 
packaging. The development of noninvasive techniques may also 
prove useful in other environments, for example, hospitals, and 
in the detection of counterfeit products. 
Such considerations lead to the conclusion that there is still 
benefit in developing new techniques for pharmaceutical analysis, 
and NQR is an example of a technique that may well hold promise 
in answering some of the challenges detailed above. 
THE BASIC PRINCIPLES OF NQR 
Nuclear quadrupole resonance (NQR) is a technique in radio 
frequency (rf) spectroscopy in which the signals arise from the 
interaction of the electric quadrupole moment of the quadrupolar 
nuclei in the sample with the electric field gradient (EFG) of their 
surroundings; 5 rf radiation excites transitions between the energy 
levels generated by this interaction at frequencies that are 
characteristic of a given material and can be used, therefore, not 
only to identify it but also to estimate quantity. The method is 
noninvasive, and signals are seen only in solids, so suspensions 
of materials and mixtures with other substances are eligible. 
Unlike the closely related technique of nuclear magnetic reso- 
nance (NMR), no static magnetic field is necessary, so remote 
materials and large volumes-at the moment, the record is 8000 
L6-can be examined. The most commonly distributed quadrupolar 
nucleus in pharmaceuticals is 14N, a spin-1 nucleus, which will be 
the main subject of this review. In addition, there are many other 
quadrupolar nuclei that are commonly found in medicines, such 
as nNa, a)Cl, and 79Br, that are equally amenable to the same 
methods and to which some reference will be made. 
There are three allowed transitions in the general case for a 
spin-1 nucleus such as 14N, one frequency (v: or v+) being the 
sum of the other two (v,, or v_, v, or vo), the vast majority of which 
he at the rather low radio frequencies between 0.2 and 6 MHz. 
These frequencies are related to quantities known as the quad- 
rupole coupling constant and asymmetry parameter by eq 1, where 
(e2gQ/h) is the nuclear quadrupole coupling constant (NQCC); e 
is the charge on the electron, h is Planck's constant, q=q. is 
the maximum principal component of the electric field gradient 
tensor, and Q is the nuclear electric quadrupole moment. r is 
the asymmetry parameter defined as the difference between 
the other two components (q. and qy) of the electric field gra- 
dient tensor divided by q; it is a positive number lying between 
0 and 1. 
vx = 314(e hqQ) (1 + iJ/3) 
vy = 3/4(e2ýQ) (1- 7//3) 
(e29Q) 
v2 = 1/2 h ýý (1) 
Spin-3/2 nuclei, such as 23Na, xCl, and 79Br, have two doubly 
degenerate levels, transitions between which give rise to just one 
frequency equal to 
_ 
(e29Q)( L)1/2 
Despite the low radio frequencies characteristic of 14N signals, 
recent advances in pulsed NQR spectroscopy have significantly 
improved their sensitivity of detection .6 In pulsed NQR, the 
'4N 
nuclei are subject to bursts of rf radiation at or near their NQR 
frequency, and the resulting transient signals are monitored in 
the quiescent periods between pulses. The signals are generated 
by the interaction of the nuclear magnetic moment with the 
magnetic component B, of the rf field. They can be of two types: 
free induction decays (FID) and echoes. A FID is the decaying 
signal observed immediately following a pulse, whereas an echo 
is a regenerated signal with maximum intensity between rf pulses 
in a multiple-pulse train. The rf radiation can be generated in a 
number of ways: a conventional solenoid or bird-cage coil can 
be used to detect signals from samples dispensed in bottles, 
whereas tablets in blister packs could be studied by a planar single 
turn or spiral of copper wire or ribbon, which can also function 
as a receiver of the signals from the sample. Alternatively, separate 
transmit and receive antennae may be used. Note, however, that 
the samples need not be removed from their container. 14N signals 
are usually very weak, and many responses must be accumulated 
to achieve an acceptable signal-to-noise ratio (SNR). For this 
purpose, extended trains of pulses have been developed in which 
the observed responses between pulses are averaged to enhance 
the SNR The use of short, high-power rf pulses with active 
damping during the probe ringdown means that fast multiple- 
pulse sequences can be used to average many responses in times 
as short as a minute or less. 6 One example is known as pulsed 
spin locking (PSL) and can be represented by 
ao. - (I-a9o°-z-)N 
where a represents the pulse width, selected to optimize the 
signal; the subscripts denote the rf phase; r determines the pulse 
spacing, which is 2r after the first two pulses; and n determines 
the number of pulses in the train whose optimum value depends 
on the relaxation times of the material. The entire pulse sequence 
is repeated, often several hundred times, for further signal- 
averaging, depending on the quantity of material in the sample 
and, in the case of remote detection, its distance from the antenna. 
The problems posed by spurious signals, such as those observed 
from piezoelectric materials, have been largely eliminated by 
cycling the phases of the rf pulses and signals'A before processing, 
which can be in the time domain or frequency domain after 
Fourier transformation. Since the pulse sequence repetition time 
is limited by the need to wait for the nuclear spins to recover 
their equilibrium magnetization and this time is determined by 
(5) Smith, J. A. S. Chem. Soc. Rev. 1986,15,225-260. 
(6) Barras, J.; Gaskell, M. J.; Hunt, N.; Jenkinson, R I.; Pedder, D. A. G.; 
Shilstone, G. N.; Smith, J. A. S. AppL Magn. Res 2004,25,411-437. 
(7) Smith, J. A. S.; Peirson, N. F. U. S. Patent 6,208,136 131, March 27,2001. 
(8) Peirson, N. F.; Barras, J.; Smith, J. A. S. U. K. Patent GB98/03099, October 
15th, 1998. 
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the spin-lattice relaxation time T1, this is an important parameter 
that needs to be measured before any analytical measurements 
should be undertaken. 
In pharmaceutical analysis, the important quantities determined 
by experiment are the nuclear quadrupole coupling constants 
(NQCC) and asymmetry parameters, which function in much the 
same way as the chemical shift or, rather, the chemical shift 
anisotropy in NMR, since they also contain information on the 
asymmetry through the two other components of the EFG tensor, 
qg and qri. Because Laplace's equation holds, 
gq+qyy+qu=0 (3) 
there are only two independent parameters that define this tensor, 
unfortunately the direction cosines of these tensor components 
are not usually derived in measurements on powders; a single 
crystal would be needed. 
SELECTIVITY AND IDENTIFICATION 
A knowledge of the two parameters, NQCC and r1, can often 
be used to identify a material through published lists of NQR 
frequencies9 or those in related compounds. As an example, 
consider the antihypertensive drug Atenolol, which has the 
structure 1 with two different kinds of nitrogen atoms, one amine, 
and the other amide. 
iýý, p 
1 
At room temperature, the NQR frequencies, NQCC and q, are 
determined as'°, 10.47,2.98,3.50 MHz: NQCC = 4.32 MHz, r/ = 
0.241,110.65,1.60,2.14 MHz: NQCC = 2.493 MHz,, q = 0.433 in 
which the frequencies have been combined according to eq 1 so 
that the largest is close to the sum of the other two. A comparison 
of these with the listed parameters9 for Me2NH at 77 K (4.65 MHz, 
0.169) and acetamide (2.526 MHz, 0.375) leads us to assign Ito 
the amine group and II to the amide. These comparisons are rarely 
exact, or even nearly so, first, because NQR frequencies in solids 
are averages over all molecular and torsional modes within the 
molecules and so are temperature-dependent, and second, there 
are solid-state effects, just as in solid-state NMR, which can be 
rather large in the presence of hydrogen bonding to the atom 
containing the quadrupolar nucleus. An important difference from 
NMR, however, is the much greater spectral range that is obtained 
in NQR. There are large differences in the frequencies of nuclei 
in different chemical functional groups and even within the same 
functional group. Although this may be a disadvantage in the 
design of the instrument and location of the signal, it has one 
important consequence in pharmaceutical analysis in that NQR 
is likely to be a highly selective technique. It is a relatively easy 
matter to distinguish between different chemical species and differ- 
ent polymorphs; even if by coincidence the frequencies are the 
(9) NQR Database. Japan Association of International Chemical Information 
(JAICA): Nakal Building, 6-25-4 Henkomagome, Bunkyo-ku, Tokyo 113, 
Japan. 
(10) NQR Group, IGng's College London, and the Josef Stefan Institute, I jubljana, 
unpublished results. 
Table 1. Comparison of Theoretical and Experimental 
Values of the 14N Quadrupole Parameters In Heroin 
Hydrochloride Monohydrate 
theory expcrfmcnt°'13 
atom QCC (MHz) I QCC (MHz) ry 
N(1) -1.575 0.098 1.328 0.108 N(2) -1.399 0.142 1.329 0.128 
a At 4.2 K. 
same, this is only likely to be true at a single temperature and in 
any case, the relaxation times are almost certain to be different. 
FREQUENCY PREDICTION 
Theoretical calculations, for example, by Gaussian at the 11R/ 
6.31+G* level, can now be used to check experimental values of 
quadrupole coupling constants in cases for which an accurate 
structure for the molecule is available. Strictly speaking, such 
programs predict NQCC for a rigid molecule in the gas phase, 
but some allowance can be made for solid-state effects and 
hydrogen bonding by including a cluster of molecules at the 
configuration they adopt in the solid state. Recent examples 
include Gaussian calculations of the narcotics heroin and co- 
caine'1.12 and heroin hydrochloride monohydrate, '3 for which X-ray 
crystal structures and experimental frequencies&3.14 are available. 
In the case of the latter, two hydrogen-bonded molecules were 
used in the calculation, a total of 110 atoms, and NQCC and 
asymmetry parameters were predicted to within 15% of the 
experimental values, as shown in Table 1 for the two protonated 
nitrogen atoms, N(1) and N(2) in the two different protonated 
heroin cations in the unit cell Note that the calculation gives the 
sign of the NQCC as well as their direction cosines with respect 
to the axial system used, information not usually available from 
NQR experiments. 
APPLICATIONS OF NOR TO PHARMACEUTICAL 
ANALYSIS 
Although several early papers have emphasized the importance 
of NQR in both qualitative15 and quantitative16a7 analysis and in 
the detection of explosives, " it has only recently been realized 
that new developments in pulsed rf spectroscopy, 19 some of which 
we have already referred to, and new methods of improving the 
signal-to-noise ratio (SNR)20 suggest the possibility of a much 
wider application of NQR techniques, particularly at the low radio 
(11) Pad, R.; Das, T. P.; Sahoo, N.; Ray, S. N. J. f hys. Chem, 1997,101,6101- 
6106. 
(12) Pad, R; Das, T. P.; Sahoo, N.; Ray, S. N. I. 1'hys. Chem. 1998,102,3209- 
3214. 
(13) Balchin, E.; Bearpark, M.; Malcolme"Lawes, D. J.; Rowe, M. D.; Smith, J. 
A. S.; Steed, J. W.; Wu, W4 Horsewill, A. J.; Stephenson, D. N. J. Chem. 
2004.28,1309-1314. 
(14) Yesinowskl, J. P.; Buess, M. L; Garroway, A N.; 2iegeweid, M.; Pines, A. 
Anal. Chem. 1995,34,2256-2263. 
(15) Brame, E. G. Anal. Chem. 1967,39,918-921. 
(16) Schultz, H. D.; Karr, C. Anal. Chem. 1969,41,661-664. 
(17) Hacobian, S. Aust. J. Chem. 1962,15,21-33. 
(18) Peirson, N. F.; Rowe, M. D; Smith, J. A. S. Proceeding of a joint Workshop 
on Research on Demising Technologies; European Commission, 
JRC, ispra. 
Italy, July 2000, pp 91-93; see also <http: //www. ngrconsultancy. co. uk>. 
(19) Suits, B. H.; Garroway, A. N.; Miller, J. B.; Sauer, KL Solid State Nucl. 
Magn. Reson. 2003,24,123-126. 
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Figure 1. a. Doublet peak from phase I furosemide (Sigma powder) with frequencies 3.564 and 3.561 MHz, splitting -2.35 kHz and line width 
-1.6 kHz for both lines. b. 14N singlet signal at 3.422 MHz from room temperature phase II furosemide with line width -3 kHz. 
frequencies typical of 14N. We illustrate these comments by recent 





0 oh 2 
For furosemide, 3, Cl signals have been detected at 77 K-23 only 
one frequency is reported, at 36.759 MHz, which appears to 
correspond to the line at 36.266 MHz at room temperature, an 
indication of the temperature effects for this nucleus to which we 
have already referred. Notably, this line has a very short spin- 
lattice relaxation of 2 ms at room temperature, a value not 
untypical of the higher frequencies observed for 3'Cl nuclei in 
organic compounds. As a consequence, strong signals can be 
obtained in a few seconds. 
C(' M Iý3 
POLYMORPHISM 
An important aspect of pharmaceutical development is the 
identification and selection of the appropriate polymorphic form, 
because this can have significant effects on the stability, process- 
ability, and bioavailability of a pharmaceutical formulation. 
As an important example, furosemide (2) has at least two 
polymorphs, for both of which X-ray crystal structures have been 
published, 2122 enabling comparisons to be made with the expected 
point symmetry of the molecules in the solid state and providing 
an additional check on the polymorphic form. The crystal contains 
two quadrupolar nuclei, 14N and a''Cl, and signals from both nuclei 
have been detected. In this example, both polycrystalline furo- 
semide, as supplied by Sigma, and tablets of differing size 
marketed as Lasix (Hoechst-Marion-Roussel) were studied and 
compared. Both gave rise to very similar 14N NQR spectra: near 
3.65 MHz, a clear doublet is seen, assigned to the sulfonamide 
nitrogen, with peaks at 3.564 and 3.561 MHz at room temperature 
(Figure 1a) and with line widths close to 1.6 kHz. 
The doublet structure is predicted from the crystal structure 
analysis of form 1.21 In comparison with this, recrystallization of 
this sample from n-butanol gives the metastable form II when the 
line frequency shifts to 3.422 MHz. The change of 0.141 MHz is 
easily observed when line widths are only a few kilo-Hertz or less. 
In addition, the line is now a singlet (Figure 1b), in agreement 
with the prediction of the point symmetry of the molecule in this 
form? 2 
(20) Jakobsson, A.; Mossberg, M.; Rowe, M. D.; Smith J. A. S. IEEE International 
Conference on Acoustics, Speech and Signal Processing, Philadelphia, March 
19-23,2005; Vol. IV, pp 653-656. 
(21) Lamotte, J. N.; Campsteyn, H.; Dupont, L; Vermiere, M. Acta Crystallogr. 
1978, B24,1657-1661. 
(22) Fronckowiak, M.; Hauptmann, H. Am. Cryst. Assoc. Abstracts 1976,9. 
Figure 2. Comparison of the line widths for the 2.787 MHz line of 
sulfapyridine at room temperature for the powder sample as supplied 
by Sigma, and recrystallized from ethanol ----. 
Another rather different example is the bacteriocide sulfapy- 
ridine (3), which also exists in different morphological forms. In 
this case, the NQR spectra of material as supplied by Sigma can 
be compared with material prepared by recrystallization from 
solvents such as ethanol and acetone (Table 2). Consider the 2.807 
Mliz line at 77 K, which has been tentatively assigned as v+ of 
the -NH2 group. 24 At room-temperature, its frequency 
falls to 
2.787 MHz, and signals at this frequency can be seen in both the 
sample from Sigma and that recrystallized from ethanol, indicating 
that they both consist of the same morphological form. however, 
their line widths are different, as shown in Figure 2, that of the 
recrystallized sample (2.5 kliz) being significantly less than that 
of the raw sample (4.0 kllz). The reason seems to be that, 
in 
general, NQR lines are inhomogeneously broadened, due in part 
to defects and crystalline imperfections but also to the presence 
(23) Latosinska, J. N. 1Nagn. Reson. Chem. 2003,41,395-405. 
(24) Subbarao, S. N.; Bray, P. J. Org. Magn. Reson. 198 307-310. 
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Table 2.14N NQR Parameters of Sulfapyrldine (Sigma) at -2 5 °C 
Sigma powder from ethanol from acetone 
v, MHz Av1/2, kHz Ti, S V, MHz Av1/2, kHz v, MHz Av112, kflz Ti, s 
1.480 ± 0.001 1.8 ± 0.2 
2.284 ± 0.001 5.0 ± 0.5 1.010.1 2.283 ± 0.001 3.0 ± 0.2 
2.393 10.001 3.5 ± 0.5 1.4 ± 0.1 2.392 ± 0.001 1.8 ± 0.2 
2.787 ± 0.001 4.0 ± 0.4 0.65 ± 0.5 2.786 ± 0.001 2.5 ± 0.3 2.895 ± 0.001 2.8 ± 0.3 
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Figure 3. Variation of the 35CI echo amplitude and integrated echo intensity for furosemide from different numbers of 40-mg tablets. 
of impurities or even strain in the material, factors alleviated by 
recrystallization. This line-broadening suggests a possible role for 
the technique in quality control. 
Table 2 lists some of the NQR parameters at 25 °C of the three 
different samples of this drug examined; it is clear that the sample 
as supplied has the same frequencies and spin-lattice relaxation 
times as that recrystallized from ethanol, as expected, but different 
line widths, as we have indicated. It is also clear that recrystalli- 
zation from acetone has produced a different form, which 
subsequent analysis has shown to be an acetone solvate. Both 
frequencies and relaxation times are now different, a convincing 
illustration of the solid-state effects to which we have already 
referred. 
QUANTIFICATION USING 35CL 
Previous NQR experiments on inorganic compounds contain- 
ing quadrupolar nuclei, such as 63Cu in Cu2O and 20913i in BiCb, 
showed that there was a reasonably linear dependence of peak 
signal intensity on sample weight. 16 These experiments were 
performed on a variable-frequency oscillator spectrometer, but 
there is reason to suppose that an equal or even better perfor- 
mance could be obtained from modern pulsed rf spectrometers. 
The 31C1 NQR signals in furosemide at 36.266 MHz provides an 
example. For these experiments, actual tablets were used, and 
fast echo sequences were averaged over several scans. Standard- 
ization against a known sample was straightforward but rarely 
necessary; however, tablets in a dispensing bottle are best 
examined in an rf probe with as homogeneous an rf field as 
possible across the sample, for example, by the use of a coil of 
variable pitch. 25 In preliminary experiments, a series of eight scans 
was performed in which the number of tablets was increased by 
two between scans; the results are shown as plots of the echo 
amplitude and mean integrated echo intensities against number 
of tablets in Figure 3. Following these experiments, one sample 
consisting of four tablets was chosen as an unknown; from the 
integrated echo intensity, the mean number of tablets was 
(25) Leifer, M. C. J. Magn. Resox. 1993, A105,1-6. 
estimated to be 3.82 ± 0.30, with confidence limits of 95%. These 
are preliminary experiments and could almost certainly be 
improved by better coil design and thermostating the sample and 
rf probe; they are now being extended to a study of the '4N signal 
near 3.56 MHz. 
IMPROVING NOR SENSITIVITY 
A serious disadvantage of NQR methods involving 14N has 
always been the relative weakness of signals detected at such low 
frequencies, in comparison with many hundreds of Mllz common 
in modern NMR spectrometers. Again, recent advances in 
experimental techniques suggest that this problem could be 
considerably reduced in several ways. First, the use of cryogenic 
rf coils, as has already been introduced in high-field NMR, would 
certainly be an advantage in improving SNR, particularly at the 
low NQR frequencies characteristic of 14N at which sample losses 
are minimal. Another development would exploit some of the 
recent signal enhancement methods developed for NQR spec- 
troscopy, 2' of which the most promising is polarization-enhanced 
NQR (PE-NQR). In this method, the sample, containing both IH 
and quadrupolar nuclei, is polarized for a sufficient time in high 
field, say, at a frequency vii of 40 Ml{z. The field is then switched 
off or the sample is ejected. As its value falls, level crossing occurs 
between the 'H levels and the quadrupolar levels (provided the 
latter lie at less than 40 Mliz), whereupon the latter rapidly reach 
the same spin temperature as the former. A conventional pulsed 
NQR experiment in zero field would then be predicted to give a 
signal whose intensity was enhanced by a factor close to the ratio 
of the two frequencies, vf, /vQ. 
Unfortunately, little experimental work has so far been un- 
dertaken to check these predictions; one recent example is a 
PE-NQR study of p-nitrobenzoic acid27 in which the protons were 
polarized in a magnetic field of 0.2 T (vH = 8.5 Mliz), and an 
observed enhancement factor of 7 could be compared with a 
prediction of 7.4. The success of the method depends critically 
(26) Blanz, M.; Rayner, T. J.; Smith, J. A. S. Meas. Sri. Technol. 1993.4.48-59. 
(27) Blinc, R.; Apih, T.; Seliger, J. AppL Magn. Reson. 2004,25,523-534. 
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on the spin-lattice relaxation times of both the quadrupolar nuclei 
and the protons: if these are too short, it may be difficult to cycle 
the applied magnetic field quickly enough to capture the enhanced 
NQR signal. As an example of the potential advantages, the NQR 
signals in Figure 1 were obtained by Fourier transformation of 
the averaged signal from 16 PSL sequences with r=1 ms and a 
repeat time of 1.5 s, in a total acquisition time of 25 s. In a 
successful PE-NQR experiment with a polarizing field of 0.5 T, 
only one PSL sequence would have been needed to achieve the 
same SNR in a time <0.1 s. This speed of data capture implies 
that the method could be used to examine signals from single 
tablets in a blister pack or larger samples on a production line or 
even within a chemical reactor. The polarizing field need not be 
homogeneous, provided that the entire sample experiences 
roughly the same polarizing field. 
SUMMARY 
Recent advances in instrumentation have shown that NQR 
shows excellent potential in the field of pharmaceutical analy- 
sis due to its simplicity, high selectivity, linear response (in cer- 
tain situations), and also because it is a noninvasive tech- 
nique. The high selectivity means that NQR is capable of 
distinguishing between very similar chemical environments, such 
as those occurring in different polymorphic forms. The relation- 
ship between line width and crystalline perfection indicates roles 
for NQR for quality control purposes and in the monitoring of, 
for example, recrystallization processes. 'Ilse noninvasive and 
nondestructive nature of the technology allows analysis of the 
active pharmaceutical compound in situ within a formulation 
and within its packaging, lending itself to the "black-box" deploy- 
ment of the technology in the manufacturing process, and pos- 
sibly in clinical environments. Its quantitative and noninvasive 
nature will allow the accurate identification and quantification of 
tablets contained within a closed bottle. Although there are 
problems with NQR sensitivity (in particular, for »M, further 
improvements in techniques and instrumentation may help to 
address them. 
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